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Abstract 
 
 
This work is related to the study of the flexural strengthening of RC slabs using prestressed Carbon 
Fiber Reinforced Polymer (CFRP) laminates applied according to the Near Surface Mounted (NSM) 
technique. The NSM technique involves the installation of narrow strips of CFRP laminates, of 
rectangular cross section, into thin slits opened on the concrete cover of the tensile zone of RC 
elements. The experimental assessment of the effectiveness of NSM technique with prestressed CFRP 
laminates, the numerical simulation of the tested RC slabs, a parametric study for the evaluation of 
the influence of different parameters on the performance of NSM technique with prestressed CFRP 
laminates and the development of an analytical approach are research tasks covered in this document. 
This work starts with the literature review of the use of CFRP materials for the flexural strengthening 
of RC structures, having been given special attention on the use of NSM technique with prestressed 
CFRP materials. 
The experimental research is presented in two sections. The first part consists of the description of the 
preliminary tests carried out to assess the potentialities of the application of NSM technique with 
prestressed CFRP laminates for the flexural strengthening of RC slabs. In the second part, for 
investigating the effect of the prestressed NSM CFRP laminates on the behavior of strengthened RC 
slabs, an extensive experimental research was executed and the influence of the following parameters 
was determined: level of prestress; percentage of existing steel reinforcement; concrete quality and  
level of damage in the RC slabs prior to the strengthening (pre-crack). 
For obtaining an accurate estimation of prestressed load in the RC slabs, the variation of strain in 
CFRP laminates was surveyed to investigate the strain loss. The strain loss was studied for all 
prestressed strengthened slabs over time and along the length of the slabs. 
The flexural behavior of the tested RC slabs was simulated numerically and compared with the 
experimental results. A parametric study was executed in order to evaluate the influence of different 
parameters on the behavior of the RC slabs flexurally strengthened with prestressed NSM CFRP 
laminates. An analytical approach was developed to predict the cracking, yielding and maximum 
loads of RC slabs flexurally strengthened with prestressed NSM CFRP laminates. Additionally, an 
upper limit for the prestress level was proposed. 
Finally, the most relevant conclusions extracted from the present study are presented, and work to be 
developed in the future is also suggested. 
 
Resumo 
 
 
O presente trabalho diz respeito à investigação efetuada sobre o reforço à flexão de lajes de betão 
armado usando a técnica NSM (Near Surface Mounted) com laminados de CFRP (Compósitos 
Reforçados com Fibras de Carbono) pré-tensionados. A técnica NSM consiste na inserção de 
laminados de CFRP em finos entalhes efetuados no betão de recobrimento da face tracionada do 
elemento a reforçar. A verificação experimental da eficácia da técnica NSM com laminados de CFRP 
pré-tensionados, a simulação numérica das lajes ensaiadas, um estudo paramétrico para a avaliação da 
influência de um conjunto de parâmetros no desempenho da técnica de reforço em estudo e o 
desenvolvimento de uma formulação analítica foram objeto de desenvolvimento nesta dissertação. 
Este trabalho é iniciado com uma revisão bibliográfica sobre o estado do conhecimento atual no que 
diz respeito à utilização de compósitos de CFRP no reforço à flexão de estruturas de betão armado, 
com particular destaque para o uso da técnica NSM com compósitos de CFRP pré-tensionados. 
A investigação experimental efetuada é apresentada em duas partes. Na primeira, descrevem-se os 
ensaios preliminares realizados com o objetivo de avaliar as potencialidades da aplicação da técnica 
NSM com laminados de CFRP pré-tensionados no reforço à flexão de lajes de betão armado. Na 
segunda parte descreve-se a extensa campanha de ensaios experimentais realizada para avaliar o 
efeito que os seguintes parâmetros têm na eficácia da técnica de reforço em estudo: nível de pré-
tensão; percentagem de armadura longitudinal existente; qualidade do betão; nível de dano existente 
nas lajes antes da aplicação do reforço (pré-fendilhação). 
Para obter uma estimativa precisa do pré-esforço instalado nas lajes, a evolução da perda de extensão 
nos laminados de CFRP ao longo do tempo e ao longo do comprimento das lajes foi avaliada em 
todas as lajes reforçadas com laminados de CFRP pré-tensionados. 
O comportamento das lajes testadas foi simulado numericamente e comparado com os resultados 
experimentais. Um estudo paramétrico foi efetuado para avaliar a influência de vários parâmetros no 
comportamento de lajes de betão armado reforçadas à flexão com laminados de CFRP pré-
tensionados aplicados com a técnica NSM. Foi desenvolvida uma formulação analítica para o cálculo 
da carga de início de fendilhação, da carga de cedência das armaduras e da carga máxima de lajes de 
betão armado reforçadas à flexão com laminados de CFRP pré-tensionados aplicados com a técnica 
NSM. Foi também proposto um limite máximo para o nível de pré-tensão a aplicar nos laminados. 
Finalmente, as principais conclusões extraídas da investigação desenvolvida ao longo deste trabalho 
são apresentadas, sendo também apontadas sugestões para desenvolvimento futuro. 
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Chapter 1 
Introduction 
 
1.1 - GENERAL CONSIDERATIONS 
Near surface mounted (NSM) with carbon fiber reinforced polymer (CFRP) laminates is a technique 
that can be used for the flexural strengthening of reinforced concrete (RC) elements. This technique 
involves the installation of narrow strips of CFRP laminates, of rectangular cross section, into thin 
slits opened in the concrete cover of the tensile zone of RC elements. The laminates are bonded to the 
concrete by an epoxy adhesive. 
The efficacy of the NSM strengthening technique with passive CFRP materials to increase the 
flexural resistance of RC beams (Kotynia, 2005; Kotynia, 2007; Barros et al., 2007; Bilotta et al., 
2015) and RC slabs (Bonaldo et al., 2008; Dalfré and Barros, 2013) was already well assessed. In 
fact, NSM CFRP laminates without any prestress level can increase significantly the ultimate load 
carrying capacity of RC structural elements and assure high mobilization of the tensile properties of 
the CFRP. However, for the deflection levels corresponding to the serviceability limit states this 
increase is, in general, of small relevance. To obtain a significant increment in terms of load carrying 
capacity for these deflection levels, prestressing the CFRP is a suitable solution. By prestressing the 
CFRP, its high tensile capacity is more effectively used, contributing to a significant increase in the 
load carrying capacity of the strengthened elements under both service and ultimate conditions. The 
prestress can also contribute to closing eventual existing cracks, to decreasing the tensile stress 
installed in the flexural reinforcement, and to increasing the shear capacity of these elements. Thus 
prestressing the CFRP is a sustainable solution in terms of costs and effectiveness, not only in terms 
of structural, but also in terms of durability. 
Experimental results of the available research demonstrated that applying NSM CFRP flexural 
strengthening with a certain prestress level can mobilize better the potentialities of these high tensile 
strength materials, with an appreciable increase of the load carrying capacity of RC beams, not only 
in terms of ultimate limit states but also for the serviceability limit states.  
 
 
1.2 - THESIS OBJECTIVES  
This document presents the PhD thesis in Civil Engineering with the title Behavior of RC Slabs 
Flexurally Strengthened with Prestressed NSM CFRP Laminates. This thesis considers four 
complementary components: bibliographic, experimental, numerical and parametric studies. 
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Preliminary tests for the validation of the proposal strengthening technique in RC slabs were carried 
out. To investigate the effect of the prestressed NSM CFRP laminates on the behavior of RC slabs an 
extensive experimental research was executed and the influence of the following parameters on the 
flexural behavior of RC slabs flexurally strengthened with prestressed NSM CFRP laminates was 
determined: level of prestress; percentage of existing steel reinforcement; concrete quality and level 
of damage in the RC slabs prior to the strengthening (pre-crack). A numerical strategy was used to 
evaluate the behavior of the tested RC slabs, and a comparison between experimental and numerical 
results was done. This numerical strategy was adopted to execute a parametric study in order to 
evaluate the influence of different parameters on the effectiveness of the NSM technique with 
prestressed CFRP laminates for the flexural strengthening of RC slabs.  
 
 
1.3 - THESIS LAYOUT  
In this section the tasks of the doctoral thesis are described. After this introduction, the second 
chapter covers the bibliographical research. In the literature review about the state of the art regarding 
the topic of investigation of this thesis the following topics were studied:  
 Flexural strengthening of RC structural elements (beams and slabs) with NSM CFRP materials; 
 Flexural strengthening of RC structural elements with prestressed NSM CFRP materials. 
Chapter 3 lays out the preliminary tests for the validation of the proposed strengthening technique in 
RC slabs. This task aims to assess the potentialities of the application of prestressed NSM CFRP 
laminates for the flexural strengthening of RC slabs.  
In chapter 4, the influence of the following parameters on the flexural behavior of RC slabs 
strengthened with prestressed NSM CFRP laminates is determined by experimental research: level of 
prestress; percentage of existing steel reinforcement; concrete quality and the effect of damage prior 
the application of the CFRP. For this purpose an extensive experimental program which includes four 
series of tests with RC slabs was executed.  
The first series (I) of tests was done in order to investigate the effect of the prestress level of NSM 
CFRP laminates on the behavior of RC slabs. A total of six RC slabs were tested, a reference slab 
(without CFRP), and five slabs flexurally strengthened using NSM CFRP laminates with different 
levels of prestress: 0%, 20%, 30%, 40% and 50% of the ultimate tensile strength of the CFRP 
material. The compressive strength of the concrete was 40 MPa.  
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The second series (II) of the specimens was tested in order to evaluate the effect of the percentage of 
tensile steel reinforcement (sl). For this purpose, in this series four RC slabs were tested: a reference 
slab and three slabs flexurally strengthened using NSM CFRP laminates with different levels of 
prestress (0%, 20% and 40%). The only difference between these four slabs and the slabs of the  
series I (reference slab and slabs with 0%, 20% and 40% of prestress in the CFRP laminates) is the 
amount of the tensile steel reinforcement. In fact in the slabs of the series II it was used 410 as 
tensile steel reinforcements (instead of 48 in series I of slabs). 
In series III, the slabs were tested in order to appraise the possibility of the application of prestressed 
NSM CFRP laminates for the flexural strengthening of low strength concrete slabs and to investigate 
the effect of the compressive strength of the concrete. A total of four RC slabs were tested, a 
reference slab (without CFRP), and three slabs flexurally strengthened using NSM CFRP laminates 
with different levels of prestress: 0%, 20% and 40% of the ultimate tensile strength of the CFRP 
material. All details of these four specimens were the same as the slabs of the series I (reference slab 
and slabs with 0%, 20% and 40% of prestess in the CFRP laminates) differing only in the 
compressive strength of the concrete that was 15 MPa (instead of 40 MPa in series I of slabs).  
The strengthening intervention often involves concrete elements already cracked. To evaluate the 
influence, on the strengthening effectiveness, of already existing cracks (damage) when a RC slab is 
flexurally strengthened with prestressed NSM CFRP laminates, some of the RC slabs were pre-
cracked prior to their strengthening. The fourth series (IV) of the tests was executed to study the 
effect of the level of the damage on the behavior of the RC slabs flexurally strengthened with the 
prestressed NSM CFRP laminates.  In this series, six RC slabs were included: two slabs with 0% 
prestress, two slabs with 20% prestress and two slabs with 40% prestress. Two levels of damage were 
analyzed for each level of prestress. The only difference between these six slabs and the slabs of the 
series I (slabs with 0%, 20% and 40% of prestress in the CFRP laminates) was the damage of the 
slabs. In fact, in the RC slabs of series I was not applied damage before strengthening and in the RC 
slabs of series IV was applied damage before strengthening. 
In chapter 5, values of strain in CFRP laminates were surveyed over time to evaluate reduction in the 
strain values. The reduction of the strain values in terms of the percentage of the initial prestress 
strain was studied for all prestressed strengthened slabs and was considered as a strain loss. In this 
chapter variation of strain loss has also been investigated along the length of the slabs. 
Flexural behavior of the RC slabs strengthened with prestressed NSM CFRP laminates was simulated 
numerically in chapter 6. Numerical simulation was compared with the experimental results to 
validate the model. Furthermore, parametric studies in order to evaluate the influence of different 
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parameters on the flexural behavior of the RC slabs flexurally strengthened with prestressed NSM 
CFRP laminates were executed. An analytical approach was also developed to predict the cracking, 
yielding and maximum loads of RC slabs flexurally strengthened with prestressed NSM CFRP 
laminates in this chapter. Additionally, an upper limit for the prestress level was proposed. 
The most relevant conclusions of this study are presented in chapter 7. Finally, some suggestions as 
to further work are proposed in this chapter. 
This dissertation is concluded with chapter 8, which includes the references used to support this 
developed research. 
Chapter 2 
Literature Review 
 
 
This chapter is about the bibliographical research. In the literature review about the state of the art 
regarding the subject of this thesis the following topics were studied:  
 Flexural strengthening of reinforced concrete (RC) structural elements (beams and slabs) with 
carbon fiber reinforced polymer (CFRP) materials using NSM (Near Surface Mounted) 
techniques; 
 Flexural strengthening of RC structural elements with prestressed NSM CFRP materials. 
 
2.1 - FLEXURAL STRENGTHENING OF RC STRUCTURES WITH CFRP 
CFRP materials have high potential for the effective strengthening of RC structural elements, since 
they are lightweight, have high durability (non-corrodible), exhibit high tensile strength. These highly 
advanced composite materials are of practically unlimited availability in size, geometry and 
dimensions (ACI Committee 440, 2002; fib-Bulletin 14, 2001; Bakis et al., 2002). The possibility of 
making relatively fast interventions without interfering with the normal functionality of the RC 
structures and the level of interference it introduces, in terms of architectural and aesthetic points-of-
view are important advantages of the CFRP-based strengthening solutions.  
Externally bonded CFRP sheets or laminates are the most commonly used technique (EBR technique) 
with these advanced composite materials for flexural strengthening of RC members (Figure 2.1 
shows field application of the EBR technique). However, failure of RC members strengthened with 
EBR technique could be brittle due to debonding or peeling of the CFRP. Common failure modes of 
this technique are indicated in Figure 2.2 (fib-Bulletin 35, 2006). Furthermore, with this technique the 
CFRP could be susceptible to damage from collision, fire and temperature, ultraviolet rays, and 
moisture absorption (ACI Committee 440, 1996). To decrease these problems, and to improve the 
performance of the CFRP, near-surface mounted (NSM) technique with CFRP was introduced for the 
strengthening of RC members. 
The NSM technique involves the installation of CFRP bars or strips into slits open on the concrete 
cover of the tensile zone of RC elements and bonded to the concrete substrate using high-strength 
epoxy adhesive (Figure 2.3 shows field application of NSM technique for strengthening). The NSM 
technique does not require preparation of the surface as in the case of EBR technique. The NSM 
CFRP strengthening materials are more protected against mechanical and environmental damage, and 
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acts of vandalism. The technique can also provide better protection in the event of a fire. When 
compared to the EBR technique, the NSM technique assures higher anchoring conditions to the CFRP 
(see Figure 2.4) and a high tensile stress can be mobilized in the CFRP, as long as the member load 
carrying capacity is not limited by a premature failure mode (Carolin, 2003).  
 
 
  
Figure 2.1 - Floor slab reinforcement with S&P CFK-Laminates 150/2000 for new building of a primary 
school in Nebikon, Switzerland (LU / CH), 2014. 
 
 
 
 
Figure 2.2 - Failure modes of flexural strengthening with EBR technique (fib-Bulletin 35, 2006). 
 
 
Literature Review                                                             7 
  
  
Figure 2.3 - Strengthening of a concrete joint with NSM CFRP laminates (Nordin, 2003). 
 
 
Figure 2.4 - Strengthening techniques with CFRP: externally bonded reinforcement (EBR) and near surface 
mounted (NSM) (Adapted from Carolin (2003) by Bonaldo (2008)). 
El-Hacha and Rizkalla (2004) carried out an experimental program about the flexural strengthening 
of RC beams with the two above mentioned techniques (EBR and NSM). A total of eight, simply 
supported concrete T-beams 150mm (width) ×300mm (height) ×4000mm (length) were constructed 
and tested under a monotonic loading applied at the mid span of the beam. For all specimens, the 
bottom reinforcement included two deformed steel bars of nominal diameter 12.7 mm along the full 
length of the beams and two deformed steel bars of nominal diameter 15.9 mm terminated with a 90-
degree bend at 100 mm away from the mid span section on both sides. This arrangement of 
reinforcement was selected to ensure that the flexural failure of the strengthened beam always occurs 
at the mid span section. The top reinforcement included two deformed steel bars of nominal diameter 
12.7 mm. The concrete was designed for a nominal compressive strength of 45 MPa at 28 days.  
One beam was tested without strengthening as the control beam. Four beams were strengthened with 
NSM technique, using CFRP reinforcing bars, two types of CFRP strips, and thermoplastic GFRP 
(Glass fiber reinforced polymer) strips. Three beams were strengthened with externally bonded CFRP 
and GFRP strips. The axial stiffness (EA) for all FRP reinforcement used in this study was kept 
constant, where E and A are the modulus of elasticity and cross-sectional area of the FRP 
reinforcement, respectively. A summary of FRP material mechanical properties is given in Table 2.1. 
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Figure 2.5 shows details of strengthened specimens. El-Hacha and Rizkalla (2004) concluded that 
strengthening of RC beams using NSM FRP strips provides higher flexural capacity than externally 
bonded FRP strips when using the same material and axial stiffness. NSM technique with CFRP strip 
provided higher load carrying capacity than the NSM CFRP rod for the same axial stiffness. This was 
due to the largest bond area provided by the surrounding concrete. The summary of significant test 
results is indicated in Table 2.2 and Figure 2.6. 
 
Table 2.1 - FRP material mechanical properties as reported by manufacture (El-Hacha and Rizkalla (2004)). 
FRP products 
Dimensions 
(mm) 
Area 
(mm
2
) 
Elastic modulus 
(GPa) 
Ultimate tensile 
strength (MPa) 
CFRP bars (Type 1) 9.5 71.3 122.5 1408 
CFRP strips (Type 1) 2(thickness) × 16(width) 32 140 1525 
CFRP strips (Type 2) 1.2(thickness) × 25(width) 30 150 2000 
GFRP strips (Type 3) 2(thickness) ×20(width) 40 45 1000 
 
 
 
  
Figure 2.5 - Details of specimens (El-Hacha and Rizkalla (2004)). 
 
 
Table 2.2 - Summary of significant test results (El-Hacha and Rizkalla (2004)). 
Strengthening 
systems 
Beam 
no. Description 
Fcr
(1)
  
(kN) 
Fsy
(1)
  
(kN) 
Fmax
(1)
  
(kN) 
uFmax
(1)
 
(mm) 
Failure 
mode
(2) 
- B0 No strengthening 22.0 38.1 55.4 64.4 CC 
NSM 
technique 
B1 One NSM CFRP bar Type 1 24.7 47.9 93.8 29.2 DE 
B2 Two NSM CFRP strips Type 1 22.2 48.6 99.3 30.5 CR 
B3 Two NSM CFRP strips Type 2 30.1 49.2 110.2 50.8 CR 
B4 Five NSM GFRP  strips Type 3 24.5 48.2 102.7 44.3 DE 
EBR 
technique 
B2a Two EBR CFRP strips Type 1 22.5 44.9 64.6 43.7 DE 
B2b Two EBR CFRP strips Type 1(3) - - 64.3 21.7 DE 
B4a Five EBR GFRP  strips Type 3 29.1 48.2 71.1 22.2 DE 
(1)  Fcr is cracking load, Fsy is yield load, Fmax is ultimate load and uFmax is mid span deflection at failure 
 (2)   Failure mode: CR (CFRP rupture), CC (concrete crushing and steel yielding), DE (debonding). 
(3)   Beam B2b was severely damaged before strengthening. 
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 a) b) 
 
 c) d) 
Figure 2.6 - Load-mid span deflection of beams, comparison between: a) NSM CFRP bar and strips; b) NSM 
and EBR CFRP strips; c) NSM CFRP and GFRP strips; and d) NSM and EBR GFRP strips (El-Hacha and 
Rizkalla (2004)). 
 
Barros and Fortes (2005) investigated the effectiveness of NSM technique with CFRP laminates for 
the strengthening of RC beams. The geometry of the RC beams, the reinforcement arrangement, the 
number and position of the CFRP laminates, the loading and the support conditions are represented in 
Figure 2.7. The concrete average compressive strength was 46.1 MPa.  
Based on the results of this study, the proposed strengthening technique increased 32% the load 
corresponding to the deflection of the serviceability limit state, 39% the load corresponding to the 
yielding of steel reinforcement, 28% the stiffness for a load level corresponding to the service load of 
the strengthened beams, and 32% the stiffness for a load level of 90% of the maximum load of the 
reference beams was observed. The tested NSM CFRP laminates configurations assured an average 
increase of 91% on the ultimate load of the tested RC beams. In terms of the level of mobilization of 
the CFRP, the maximum values of strains in the CFRP laminates obtained in this experimental 
program ranged from 62% to 91% of its ultimate tensile strain. Figure 2.7 also shows some results 
from this study. 
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 Figure 2.7 - Details of specimens and results of the beams tested by Barros and Fortes (2005). 
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Bonaldo (2008) executed experimental research into the use of the NSM technique with CFRP 
laminates for the flexural strengthening of RC slabs. In this experimental study, some slabs were 
strengthened with NSM CFRP laminates and some specimens were strengthened with hybrid 
strengthening strategy, combining NSM CFRP laminates in the tension face and a thin overlay of steel 
fiber reinforced concrete (SFRC) in the compressive face. The dimension of the RC slabs was 300mm 
(width) ×80mm (height) ×1800mm (length). For all specimens, the bottom reinforcement included 
three deformed steel bars of nominal diameter 8 mm along the full length of the slabs. The details of 
specimens strengthened only with NSM CFRP laminates are indicated in the Figure 2.8 and Table 2.3. 
According to Figure 2.8, all of the RC slabs were loaded with four-point bending test until the failure. 
The distance between the loads (parameter a in the Figure 2.8) was 600 mm. In the Table 2.3, 𝑏𝑤, h 
and L are the width, thickness and length of slabs respectively. 𝑓𝑐𝑚 is the average value of the 
compressive strength of the concrete. 𝑓𝑠𝑦𝑚, As and 𝑑𝑠  are the yielding stress, cross section area and 
effective depth of steel reinforcements respectively. 𝑓𝑓𝑢, 𝐸𝑓 and 𝐴𝑓 are the tensile strength, elasticity 
modulus and cross section area of CFRP laminates, respectively. Furthermore, Fmax is the maximum 
load of the tested RC slab. Based on Table 2.3, for the slabs (with different concrete classes and steel 
reinforcement ratios) strengthened with different CFRP laminates ratio, the increase of 𝐹𝑚𝑎𝑥 is between 
28% and 395% compared to the reference slab. An increase of Fmax equal to 395% of the maximum 
load of the reference slab was obtained in SL04S slab that had a steel reinforcement ratio of 0.35% and 
𝐴𝑠/𝐴𝑓 ≈ 2.14. Failure modes of the specimens are also indicated in last column of the Table 2.3. 
Figure 2.9-a shows monotonic tests of the specimens and Figure 2.9-b shows load-mid span deflection 
of some specimens (SL1 and SL2 were reference slabs, SL3S and SL4S were strengthened only with 
NSM CFRP laminates and SL5S0, SL6SO, SL7SO and SL8SO were strengthened with hybrid 
technique). Based on results, a CFRP strengthening ratio of 0.25% (CFRP reinforcement to the 
conventional steel reinforcement ratio around 40%) increased about 55% the service load of the RC 
slabs with a steel reinforcement ratio of 0.63%. However, the slabs strengthened by hybrid technique 
showed an increase of approximately 244% in the service load compared to the reference slabs. The 
hybrid strategy also provided an increase of about 122% in terms of service load when compared to the 
NSM technique. The NSM strengthening system had provided a significant increase in the stiffness and 
deformation at failure, which are consistent with the high stress redistribution due to prominent 
composite action between the CFRP reinforcement and concrete. Since the hybrid strengthening 
system had led to a considerable increase in the flexural load carrying capacity of RC slabs, the 
deformability of these elements was limited by their out-of-plan shear resistance; however, the stiffness 
had strongly increased and high ductility levels were maintained. As an example, Figure 2.10 shows 
the final crack pattern of two of the tested RC slabs. 
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Figure 2.8 - Data for the definition of the RC slabs tested by Bonaldo (2008). 
 
Table 2.3 - RC slabs flexural strengthening with NSM CFRP laminates tested by Bonaldo (2008). 
 
Slab 
 
𝑏𝑤 
(mm) 
h 
(mm) 
L  
(mm) 
𝑓𝑐𝑚  
(MPa) 
𝑓𝑠𝑦𝑚 
(MPa) 
As 
(mm2) 
𝑑𝑠 
(mm) 
𝑓𝑓𝑢 
(MPa) 
𝐸𝑓 
(GPa) 
𝐴𝑓  
(mm2) 
Nº of 
laminates 
𝐹𝑚𝑎𝑥  
(kN) 
Increase  𝐹𝑚𝑎𝑥 
than the 
reference slab 
(%)  
Failure 
mode(1) 
SL3S 300 80 1800 26 465.75 150.80 52 2879.1 156.1 52.64 4 35.60 141.68 1 
SL4S 300 80 1800 26 465.75 150.80 52 2879.1 156.1 52.64 4 37.67 155.74 1 
SL03S 300 80 1800 43 548.85 56.55 54 2879.1 156.1 26.32 2 24.38 384.69 N/A 
SL04S 300 80 1800 32.5 548.85 56.55 54 2879.1 156.1 26.32 2 24.91 395.23 N/A 
SL08S 300 80 1800 49 548.85 56.55 54 2879.1 156.1 26.32 2 24.15 380.12 N/A 
S1-1 300 80 1800 18.85 438.2 150.80 52 1776.3 161.4 14.03 1 15.10 32.75 2 
S2-1 300 80 1800 18.85 438.2 150.80 52 1776.3 161.4 28.06 2 20.90 83.74 1,2 
S4-1 300 80 1800 18.85 438.2 150.80 52 1776.3 161.4 56.11 4 27.27 139.74 1 
S8-1 300 80 1800 18.85 438.2 150.80 52 1776.3 161.4 112.20 8 30.60 169.01 1 
S1-2 300 80 1800 41.47 438.2 150.80 52 1776.3 161.4 14.03 1 17.00 36.11 2 
S2-2 300 80 1800 41.47 438.2 150.80 52 1776.3 161.4 28.06 2 21.63 73.18 2 
S4-2 300 80 1800 41.47 438.2 150.80 52 1776.3 161.4 56.11 4 33.30 166.61 2 
S8-2 300 80 1800 41.47 438.2 150.80 52 1776.3 161.4 112.20 8 55.67 345.72 1 
S1-3 300 80 1800 57.3 438.2 150.80 52 1776.3 161.4 14.03 1 17.90 28.41 2 
S2-3 300 80 1800 57.3 438.2 150.80 52 1776.3 161.4 28.06 2 22.10 58.54 2 
S4-3 300 80 1800 57.3 438.2 150.80 52 1776.3 161.4 56.11 4 32.47 132.93 2 
S8-3 300 80 1800 57.3 438.2 150.80 52 1776.3 161.4 112.20 8 54.33 289.74 3 
(1)   Failure modes: 1 - Concrete crushing; 2 - CFRP rupture; 3 - Intermediate shear crack; N/A - not available. 
   
 a) b) 
Figure 2.9 - a) Monotonic test; and b) force-deflection results of Bonaldo (2008). 
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Figure 2.10 - Crack pattern of slabs tested by Bonaldo (2008): a) SL3S slab; and b) SL4S slab. 
Barros and Kotynia (2008) studied the influence of some variables related to effectiveness of the 
NSM technique, such as the distance between consecutive bars, the reinforcement ratio of existing 
longitudinal steel bars and the relative position between longitudinal steel and FRP bars.            
Figure 2.11-a shows relationship between 𝜀𝑓𝑒/𝜀𝑓𝑢  (strengthening efficacy index) and 𝜌𝑙,𝑒𝑞 
(longitudinal equivalent reinforcement ratio for the NSM), where 𝜀𝑓𝑒 and 𝜀𝑓𝑢 are, respectively, the 
maximum strain possible to apply in the CFRP strips (effective strain) and the strain at ultimate 
tensile strength of the CFRP strips. The parameter 𝜌𝑙,𝑒𝑞 = 𝐴𝑠 𝑏𝑑𝑠⁄ + (𝐴𝑓𝐸𝑓 𝐸𝑠⁄ )/(𝑏𝑑𝑓) is the 
equivalent reinforcement ratio, where b is the width of the beam or slab cross section. Figure 2.11-a 
was drawn based on best linear regression on results of research on strengthening beams and slabs 
with NSM technique, where ( 
𝜀𝑓𝑒
𝜀𝑓𝑢
)
𝑆
= −29.424. 𝜌𝑙,𝑒𝑞 + 0.9786  with 𝑅
2 = 0.5543 is for slabs and 
( 
𝜀𝑓𝑒
𝜀𝑓𝑢
)
𝐵
= −40.085. 𝜌𝑙,𝑒𝑞 + 0.9664 with 𝑅
2 = 0.5543 is for beams. Based on the results, 𝜀𝑓𝑒/𝜀𝑓𝑢 is 
higher in the RC slabs than in the RC beams regardless of the value of 𝜌𝑙,𝑒𝑞.   
Figure 2.11-b shows influence of the 𝑎𝑓/𝑏 ratio on the 𝜀𝑓𝑒/𝜀𝑓𝑢, where 𝑎𝑓 is the spacing between 
strips. This figure was also drawn based on best linear regression on the results of research on 
strengthening elements. Based on the results, there is a tendency for increase of the 𝜀𝑓𝑒/𝜀𝑓𝑢 with the 
increase of 𝑎𝑓/𝑏 ratio on the flexural strengthening of RC beams with NSM technique.   
Barros and Kotynia (2008) showed that the distinct effectiveness of the NSM technique in beams and 
slabs was caused by the different crack pattern which occurred in these two types of structural 
elements. In beams, the formation of critical diagonal cracks (CDC) introduced not only axial tensile 
forces in the CFRP materials, but also shear force components due to the relative slip of the faces of 
these cracks, which promoted the occurrence of premature failure modes due to the detachment of the 
concrete cover (Figure 2.12-a). In RC slabs, the distance between longitudinal bars was, in general, 
larger than the distance in beams, and tendency to the occurrence of CDC had reduced.                     
a) 
b) 
14                                                 Chapter 2  
 
In consequence, the tensile strength of the CFRP materials was attained in RC slabs, even for a short 
distance of 38 mm between CFRP strips (Bonaldo et al., 2007). The flexural cracks formed in slabs 
failing in bending only introduced axial tensile forces in the CFRP strips (the shear force components 
applied to the strips at the cracks, due to slip of crack’s faces were negligible). 
 
   a)   b) 
Figure 2.11 - Influence of the: a) ,l eq on the /fe fu  ; and b)  /fa b  on the /fe fu   (Barros and Kotynia, 
2008). 
 
  
 a) b) 
Figure 2.12 - Typical failure modes in: a) beams and b) slabs (Barros and Kotynia, 2008). 
 
Costa and Barros (2010) studied the influence, in terms of shear resistance, of cutting the bottom arm 
of steel stirrups to install NSM strips for the flexural strengthening of RC beams. The experimental 
program was composed of three series of beams with compressive strength of concrete around         
31 MPa. Each series differed in cross section height and contained four beams: one RC beam without 
CFRP as a reference beam (VRi, index i is for i
th
 series of the beams), one beam equivalent to the 
VRi beam but with the bottom arm of the steel stirrups cut (VEi), one beam equivalent to the VEi 
beam and strengthened in flexure with NSM CFRP strips (VLi), one beam equivalent to the VLi 
beam and strengthened in shear with strips of wet lay-up CFRP sheets of U configuration (VLMi). 
All beams have a cross section width of 200 mm in order to assure the same anchorage length to the 
bottom arm of the steel stirrups. The general information of the beams in terms of geometry and load 
condition are indicated in Figure 2.13-a.  Table 2.4 shows dimension and steel reinforcements of each 
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series. In all series the shear span ratio (L1/d, where d is effective depth of the cross section) was 
maintained constant equal to 2.5. This value favored the occurrence of shear failure mode in the 
beams strengthened in flexure. The height of cross section was differed in each series in order to 
provide different bond transfer length for the stirrups and for the CFRP strips of wet lay-up sheet 
crossed by the shear failure crack, since this parameter was highly relevant in terms of shear 
strengthening effectiveness. To localize the occurrence of the shear failure crack in the L1 span of the 
strengthened beams, this span had a smaller length than the L2 span in all the tested beams. For the 
flexural strengthening of the beams, two CFRP laminates of 1.4mm (thickness) ×20 mm (width) were 
used and for the shear strengthening, three strips of one layer of wet lay-up CFRP sheet of 50 mm 
width were used, which were placed according to the scheme represented in Figure 2.13-b.  
Table 2.4 - Dimensions of the beams of the three series (Costa and Barros, 2010). 
Series L1 (mm) L2 (mm) b (mm) h (mm) As (bottom face) As (top face) 
1 550 950 200 250 2Ø10+1Ø6 2Ø10 
2 750 1150 200 320 2Ø10+1Ø10 2Ø10 
3 900 1300 200 380 2Ø12+1Ø8 2Ø10 
 
 
        a) 
 
         b) 
Figure 2.13 - a) Beam geometry and loading condition; and b) Flexural and shear strengthening systems, 
dimensions in mm (Costa and Barros, 2010). 
The obtained results showed that behaviors of the VRi and VEi beams were almost the same in all 
Series in terms of crack pattern and failure mode that was bending. However, while in Series 1 and 2 
the decrease of load carrying capacity due to the cutting of the bottom arm of the steel stirrups was 
marginal, in the VE3 beam the decrease was around 10%.When compared with the VRi and VEi 
beams, VLi and VLMi beams presented a higher stiffness after crack initiation. However, the 
behaviour of VLMi beam shows that the applied shear strengthening system had marginal 
contribution to the beam’s stiffness. Except the VLM2 beam, in all Series, VLi and VLMi beams 
failed in shear failure mode. VLM1 beam failed in shear due to a premature debonding of the shear 
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strips crossed by the shear failure crack, which was not expected. In spite of this failure mode, the 
shear strengthening configuration adopted in this beam allowed an increase of about 80% in terms of 
beam load carrying capacity. The shear strengthening system also allowed the mobilization of a 
maximum strain of 10.0‰ in the NSM strips, which is 56% of the ultimate strain registered 
experimentally in this material, while in VL1 beam the occurrence of the shear failure mode limited 
the maximum strain in the NSM strips to 6.4‰. 
Although VLM3 beam has also failed in shear, at the maximum load the strain on the CFRP strip was 
10‰, which is 56% of the material ultimate strain, similar to the value recorded in the VLM1 beam. 
In the test of VLM2 beam, along the L2 span, the strips together with surrounding concrete were 
detached (Figure 2.14), which indicates that the shear strengthening system was effective in terms of 
avoiding the occurrence of shear failure in the L1 beam’s span. Maximum strain measured in the 
CFRP strips in VLM2 beam was 12.3‰. 
 
a) 
  
VL1                                                                             VL2 
 
VLM2                                                                         VLM3 
b) 
Figure 2.14 - a) Load-deflection curves; and b) crack patterns of RC beams (Costa and Barros, 2010). 
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In RC beams with a longitudinal steel reinforcement ratio of about 0.4%, which is significantly higher 
than the minimum percentage, by applying CFRP strips according to the NSM technique, an 
increment of the beam’s load carrying capacity larger than 50% can be obtained even in beams with 
the bottom arm of the steel stirrups cut for the installation of these strips. However, performance of 
this strengthening can only be attained if shear failure mode of the beam and premature detachment 
of the concrete cover that includes the CFRP strips are avoided. Force-deflection curves of the RC 
beams in Series 1 and cracked pattern of VLi and VLMi beams of Series 1 and Series 2 are also 
indicated in Figure 2.14. 
Khalifa (2016), studied the performance of RC beams flexurally strengthened with NSM CFRP strips. 
A total of six RC beams, simply supported with a span length of 2200 mm, were tested under four 
point bending test. Dimensions and reinforcement details of tested beam are indicated in Figure 2.15.  
   
                                                                          
         
Figure 2.15 - Details of specimens tested by Khalifa (2016) (Dimensions in mm). 
The compressive strength of concrete was 35 MPa after 28 days and the CFRP strips with dimension 
of 1.2 mm (thickness) ×25 mm (width) had ultimate tensile strength and modulus of elasticity of  
2800 MPa and 165 GPa, respectively. According to the strengthening schemes presented in       
Figure 2.15, beams had the same strip dimensions. In the case of NSM beams the same slit size with 
dimension of about 25 mm depth and 15 mm width. Beam B-N-1-2 was strengthened using two NSM 
CFRP strips installed into one slit and Beam B-N-2-2 was strengthened using two NSM CFRP strips 
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installed into two slits (one strip in each slit). Beam B-N-2-4 was strengthened using four NSM CFRP 
strips installed into two slits (two strips in each slit). Moreover, two beams were strengthened using 
EBR CFRP strips. Beam B-S-2 was strengthened using two EBR CFRP strips and beam B-S-4 was 
strengthened using four EBR CFRP strips. The load versus mid-span deflection curves of the beams 
is indicated in Figure 2.16. Table 2.5 shows a summary of significant test results. Test results 
indicated that if the same amount of CFRP is used, beams strengthened with NSM strips achieved 
higher ultimate load than those strengthened with EBR. Using the same amount of NSM CFRP strips, 
and distributing the strips in two slits instead of one, leads to a significant reduction in the crack 
widths and an increase in the ultimate load. Failure of the strengthened beams with EBR CFRP strips 
was controlled by debonding at the strip–epoxy or the epoxy–concrete interfaces and for the 
strengthened beams with NSM CFRP strips, failure was controlled by debonding of CFRP strips and 
the peeling off of the CFRP strips together with the concrete cover. 
Table 2.5 - Summary of significant test results (Khalifa, 2016). 
 Strengthening scheme Test results 
Specimen 
No. 
of 
slits 
No. of 
strips in 
each slit 
Total 
no. of 
strips 
Total 
area of 
CFRP 
(mm
2
) 
Maximum 
CFRP 
strain 
Deflection 
in ultimate 
load (mm) 
Ultimate 
load 
(kN) 
CFRP strengthening 
effectiveness ratio
(1)
 
(%) 
B-C - - - - - 36.64 47.03 - 
B-S-2 - - 2 60 0.0048 12.25 72.26 54 
B-S-4 - - 4 120 0.0048 13.21 94.57 101 
B-N-1-2 1 2 2 60 0.0097 22.55 85.25 81 
B-N-2-2 2 1 2 60 0.0128 24.50 91.57 95 
B-N-2-4 2 2 4 120 0.0059 17.35 105.56 125 
(1)  Strengthening effectiveness ration=(ultimate load of the beam- ultimate load of the control beam)/ultimate load of the control beam. 
.   
Figure 2.16 - Load vs. Mid-span deflection curves of the beams testes by Khalifa (2016). 
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2.2 - APPLICATION OF PRESTRESS IN NSM CFRP MATERIALS 
According to Nordin (2003), the main reasons for the application of the prestress in the FRP are:  
 To obtain a better usage of the high tensile capacity of the strengthening material; 
 To decrease the tensile stress installed in the flexural reinforcement;  
 To decrease the size of cracks and distance of cracks; 
 To obtain higher yielding loads in steel bars. 
Nordin (2003) verified that prestressing the CFRP increased the steel yielding load almost 50% 
compared with the unstrengthened beam and up to 25% compared with the non prestressed 
strengthened beam. Figure 2.17 shows the typical behavior load versus midpoint deflection of RC 
beams (unstrengthened beam and strengthened beams with and without prestressed NSM CFRP) 
loaded with four-point bending test until the failure (Nordin, 2003). This figure shows three important 
phases of the structural behavior: cracking of concrete, yielding of steel reinforcement and ultimate 
load. Two dotted ellipses are A) the concrete cracking and B) the steel yielding. Figure 2.17 shows 
that the cracking load of prestressed beam is about twice that of the non-prestressed and 
unstrengthened beams. In the steel yielding phase, the prestress effect is almost double compared to 
non-prestress strengthened beam. 
 
Figure 2.17 - RC beams: a) unstrengthened; b) strengthened with NSM CFRP without prestress; and c) 
strengthened with prestressed NSM CFRP (Nordin, 2003). 
 
The use of prestressed NSM CFRP to strengthen RC beams under monotonic loadings was examined 
by Nordin (2003). Fifteen full-size RC beams with dimension of (200mm (width) ×300mm (height) 
×4000mm (length))  were tested with four-point bending test that is indicated in Figure 2.18-a. The 
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steel bars at the top and bottom parts of the beams were consisted of two steel bars with 16 mm of 
diameter, and shear reinforcement was provided by using steel bars with 10 mm of diameter spaced at 
75 mm. One beam was considered as a reference beam, four beams were strengthened with           
non-prestressed quadratic NSM CFRP rods and ten beams were strengthened with prestress quadratic 
NSM CFRP rods. In these tests some parameters were changed for the NSM CFRP rods: two bonded 
lengths (3200 mm and 4000 mm); two types of CFRP with different values of modulus of elasticity 
(160 GPa and 250 GPa) and two level of prestressing force (32 kN and 56 kN) were investigated. The 
compressive strength of concrete was 65 MPa and the cross section of CFRP for both types of rods 
was 10×10 mm.  
At the beginning of prestressing process, the slits were filled with the adhesive, and then the rods 
were positioned into the adhesive. Then the rods were subjected to a certain level of prestress force. 
The adhesive was left for five days to cure before releasing the prestressing force. Figure 2.18-b 
shows two RC beams during the application of the prestressing loads. 
 
                     
a) 
 
b) 
    Figure 2.18 - a) Geometry of specimens; and b) Prestressing setup (Nordin, 2003). 
 
The results showed that the stiffness of the beams was almost the same for prestressed and non-
prestressed beams. However, the prestress force had helped in increasing the loads for cracking of the 
concrete and yielding of steel reinforcements. The load at failure was also higher in the prestressed 
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beams, as compared to nonprestressed beams, but not as large as the cracking and yielding load. 
Moreover, the beams strengthened with prestressed CFRP had a smaller deflection at the mid-span 
and with increasing the level of prestress, this deflection was decreased. All strengthened beams 
failed due to rupture of the CFRP.  
Summary of significant test results obtained by Nordin (2003) are indicated in Table 2.6. Figure 2.19 
shows relationship between applied load and mid-span deflection for the tested beams. The test 
results indicated that there is no considerable difference in failure load between beams with two 
bonded lengths (3200 mm and 4000 mm) however there were cracks in the concrete at the end of the 
rods when using 3200 mm bonded length. When comparing the effect of quality of the CFRP, the 
stiffer rod gave a stiffer behavior to beams and also increased steel yielding load. In the study, the 
force transfer between the beam and CFRP rods worked well in the laboratory conditions without 
using the mechanical anchor device, therefore the adhesive transferred all shear stresses to the 
concrete. The losses in strain (stress) varied from 2.8-14.5% in the middle to 35.3-100% at the ends 
of prestressed strengthened beams. The crack patterns in the prestressed strengthened beams were 
different from the non-prestressed strengthened beams. The cracks in the prestressed beams were 
smaller all the way up to failure. This indicated a better behavior in the serviceability limit state 
(SLS) for the prestressed beams. 
Table 2.6 - Summary of significant test results (Nordin, 2003). 
 
Beam 
CFRP rods Test results 
 Prestress Cracking Yielding Ultimate 
Length 
(mm) 
E 
(GPa) 
Load 
(kN) 
Strain 
(µstr) 
Load 
(kN) 
Displ. 
(mm) 
Load 
(kN) 
Displ. 
(mm) 
Load 
(kN) 
Displ. 
(mm) 
Ref - - - - 10 1.2 70 32.8 75 60.5 
BS1 3200 160 - - 14 2 90 22.2 123 50 
BS2 4000 160 - - 13 1.9 87 23.1 117 55 
BM1 3200 250 - - 11 1.8 105 28 122 40.5 
BM2 4000 250 - - 11 1.8 106 27 122 37 
BPS1 4000 160 29 1800 20 2.4 97 25 121 45.8 
BPS2 4000 160 30 1870 21 2 95 22.5 121 44.3 
BPS3 3200 160 33 2060 23 2.3 105 25.8 120 38 
BPS4 4000 160 34.5 2160 23 2.3 108 26.3 123 38.8 
BPS5 3200 160 56 3500 26 2.2 119 28 122 32.5 
BPS6 4000 160 56 3500 - - 117 27.6 148 107 
BPM1 3200 250 32 1280 25 2.5 121 27.9 128 31.6 
BPM2 4000 250 32 1280 25 2.8 122 27.5 132 33 
BPM3 3200 250 53.5 2140 32 3.7 129 28.4 131 29.5 
BPM4 4000 250 38 1500 23 2.3 121 27.6 123 28.7 
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    Figure 2.19 - Load-mid span deflection curves of the tested beams (Nordin, 2003). 
 
Gaafar and El-Hacha (2008-a) studied the effect of using an anchorage system that was capable of 
prestressing FRP strips in NSM technique to strengthen RC beams. Figure 2.20 shows the 
prestressing system. The system consisted of two main components: temporary and permanent. The 
permanent components consisted of two steel anchors that were bonded to the CFRP strips by epoxy. 
One of the steel anchors was attached to the RC beam at the fixed end of the beam while the other 
was free to move at the jacking end. The temporary components consisted of steel brackets that were 
mounted on the beam with anchor bolts to be used at the jacking end. Once the system was 
prestressed to the required load, the steel anchor at the jacking end was fixed to the concrete using 
anchor bolts and the temporary components were removed. During the test, the steel anchors had 
provided better anchorage by preventing any debonding or peeling of the CFRP at the ends. More 
details about the anchorage/prestressing system can be found in Gaafar & El-Hacha (2008-b). In this 
study five beams were tested, one control unstrengthened beam (beam B00) and four beams were 
strengthened with different levels of prestress (beam B1-0%, beam B1-20%, beam B1-40% and beam 
B1-60%). The geometry of the RC beams, the reinforcement arrangement, the loading and the 
support conditions are represented in Figure 2.21-a. The yield strength and modulus of elasticity of 
the steel bars were 475 MPa and 200 GPa, respectively, and the concrete compressive strength was 
40 MPa after 28 days. For each strengthened beam two CFRP strips with 2 mm of thickness and 
width of 16 mm were used (Figure 2.21-b). The elastic modulus of the CFRP was 145 GPa with 
ultimate tensile stress of 2610 MPa. The slit depth was 25 mm while the width of the slit was 16 mm 
± 2 mm. Two CFRP strips were bonded together on the 16 mm side and their ends were bonded to the 
steel anchors and left for seven days to cure. At the time of prestressing, the slits were filled with the 
epoxy and levelled using spatula, then the anchors with the CFRP strips were lifted and put in place. 
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The CFRP strips were placed inside the slit and prestressed to the required limit. The whole 
prestressing operation was done within 45 minutes and then left to cure for seven days before testing.  
 
   
 a) b) 
Figure 2.20 - Prestressing system: a) anchorage system components; and b) during prestressing (El-Hacha and 
Gaafar (2011)). 
 
 
 
                                                                        a)                                                                                   b) 
Figure 2.21 - Details of specimens: a) Geometry, load configuration, support condition and steel bars; and b) 
Strengthening  (Gaafar and El-Hacha (2008-a)). 
 
The work of Gaafar and El-Hacha (2008-a) included adding anchors at the ends of the NSM CFRP 
strips to prevent any sudden premature failure. The failure mode of the tested RC beams with 
prestressed CFRP was rupture of the CFRP without premature or debonding failure modes. The non-
prestressed beam (level of prestress in the CFRP equal 0%) started failing due to spalling in the 
concrete cover but the presence of the mechanical anchor at the end prevented sudden brittle failure. 
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When the level of prestress in the CFRP strips is increased, the behavior of the beams at service 
conditions is improved but simultaneously the beams lose their ductility as indicated in Figure 2.22. 
Prestressing the beams using this new system reduced size of cracks. It postponed the formation of 
new cracks while it increased the cracking, yield and ultimate loads. It also reduced the deflection of 
the beams at cracking, yielding and ultimate loads. When comparing the results with the reference 
beam, yielding load had increased around 18%, 36%, 44% and 62%, respectively, for 0%, 20%, 40% 
and 60% prestress level and maximum load had increased around 61%, 76%, 77% and 77%, 
respectively. Maximum deflection, however, had decreased around 22%, 32%, 49% and 62% 
respectively, for those beams as also indicated in Table 2.7. 
 
Figure 2.22 - Load-mid span deflection curves of the tested beams (Gaafar and El-Hacha (2008-a)). 
Barros (2009) studied the suitable strengthening technique so that a certain prestress level could be 
applied to NSM CFRP strips on the beams. The method that was used in this work had some benefits 
since it was easier to apply. Furthermore, it did not need a very expensive and complex device to 
apply the prestress, and did not need anchorage systems (Figure 2.23). For testing this method, an 
experimental program was carried out that included three RC beams (120mm (width) ×200mm 
(height) ×1800mm (length)): the V00 reference beam, the VLP and VRC20 beams strengthened with 
one CFRP laminate of 1.4 mm (thickness) ×10 mm (width). The VLP beam was not at any level of 
prestress in the laminate (passive laminate), the laminate of the VRC20 beam had a level of prestress 
equal to 20% of tensile strength of laminates (500 MPa of prestress). The steel bars at the top and 
bottom parts of the three tested beams included two steel bars with 12 mm diameter. Shear 
reinforcement was provided by using the steel bars with 8 mm diameter spaced at 100 mm. The 
compressive strength of concrete was 37.5 MPa. 
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Figure 2.23 - Prestress technique with NSM CFRP laminates (Barros, 2009). 
 
The results obtained of Barros (2009) showed that the application of 20% prestress level in the 
laminate increased the cracking load and the maximum load by about 36% and 50%, respectively 
over the reference beam. However, 20% prestress level provided an increment of about 10% in the 
maximum load, compared with the beam strengthened with a passive laminate. In VRC20 (CFRP 
with prestressed), the load in the mid-span deflection corresponding to serviceability limit states 
increased more than 100% but in the VLP (CFRP without prestressed) this increment was less than 
25% (taking the corresponding values of the reference beam).  
Badawi and Soudki (2009) also studied the flexural strengthening of RC beams using prestressed 
NSM CFRP rods. Four RC beams with 254 mm deep, 152 mm wide and 3500 mm long were tested 
with monotonic loading. The beams had two steel bars with 11.2 mm diameter in the top and two 
steel bars with 15 mm diameter in the bottom surface and steel bars with 8 mm diameter were used as 
stirrups spaced at 75 mm. The concrete cover was 30 mm. Details of specimens are indicated in 
Figure 2.24-a. One beam was considered as a control beam without any strengthening. The other 
beams had the same reinforcements but they were strengthened at the middle of the tensile bottom 
surface with a NSM CFRP rod with 9.5 mm diameter. One beam was strengthened without any level 
of prestress (0% prestress) and two beams were strengthened with 40% and 60% level of prestressed 
of the rod’s ultimate strength. The prestressing setup is indicated in Figure 2.24-b. At the beginning 
of prestressing process, CFRP rod was placed in the slit and the prestressing force was applied to the 
rod and was maintained using mechanical clamp anchors at both ends of the beam. Epoxy was used 
to fully fill the slit. The mechanical clamp anchors were maintained in place at least six days. 
The test results obtained by Badawi and Soudki (2009) showed that a remarkable improvement in the 
flexural response was obtained with the application of 40% and 60% prestressed NSM CFRP rods. 
Applying 40% and 60% prestress in the CFRP rods increased cracking load of RC slabs 
approximately 3–4 times higher than the control beam but the increase in the cracking load in the 
non-prestressed slab was not significant. 
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a) 
 
b) 
Figure 2.24 - a) Details of specimen; and b) prestressing setup (Badawi and Soudki, 2009). 
 
The yield load was defined as the load at which the internal steel reinforcement reached the yield 
strain. The beam strengthened with 0% prestressed CFRP rod had only an increase of 26% in the 
yield load over that of the control beam, while yield loads of the 40% and 60% prestressed 
strengthened beams were 72.4% and 90.6% higher than that of the control beam. The ultimate load of 
the 0% prestressed strengthened beam had 50% increase compared to the control beam while the 
ultimate load for the 40% prestressed strengthened beam represented a 79.2% increase over that of 
the control beam or a 20% increase over the 0% prestressed beam. For the 60% prestressed 
strengthened beam, the ultimate load was 2.6% less than for the 40% prestressed strengthened beam.  
 
Figure 2.25 - Modes of failure of the beams tested by Badawi and Soudki (2009). 
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Two types of failure modes occurred in the tested RC beams (see Figure 2.25): 1) the control beam 
failed by concrete crushing after yielding of the tensile steel reinforcements; 2) the NSM strengthened 
beams failed by rupture of the CFRP rod after yielding of the tensile steel reinforcements.  
Hajihashemi et al. (2011) investigated the behavior of RC beams that were strengthened with 
prestressed NSM CFRP laminates. Five simply supported RC beams with dimensions of 300mm 
(width) ×350mm (height) ×3300mm (length) were tested in three-point loading method. One beam 
served as a control beam (non-strengthened beam), one beam was tested as a non-prestressed 
strengthened beam, and three beams were tested as prestressed strengthened beams with 5, 20, and 
30% of the ultimate tensile strain of the CFRP laminates. Five steel bars ϕ20 were used as tensile 
reinforcements and two bars ϕ14 were selected for compression reinforcement. The depth of the 
concrete cover was 30 mm. The compressive strength of concrete after at 28 days was 31 MPa. A 
prefabricated CFRP strip with dimensions of 2 mm (thickness) ×25 mm (width) and a two-component 
epoxy adhesive, Sikadur-30, was also used for strengthening of beams. The test results indicated that 
the adopted CFRP prestress levels increased the maximum load (up to 15%), the yielding load (up to 
9%), the service load (up to 21%) and the cracking load (up to 45%) of the strengthened beams 
compared with the control beam. However, deflection of the strengthened beams corresponding to 
maximum load had decreased compared with the control beam. The variation ranged between 8-46%. 
The failure mode in the 20% and 30% prestressed strengthened beams was rupture of the CFRP 
laminates that enabled the complete use of the tensile capacity of the strengthening materials. In the 
5% prestressed strengthened beam, the maximum strain recorded for the CFRP laminate was 
approximately 0.013, or 85% of the rupture strain of the laminate. The maximum strain in the CFRP 
laminate of the non-prestressed strengthened beam was recorded 0.01. This value was approximately 
65% of the final strain of the CFRP material. Therefore, prestressing, even at low levels, had 
increased the efficiency of the CFRP materials and decreased project costs. 
Figure 2.26-a shows the crack distributions for the specimens. As shown in this figure, the number of 
cracks corresponding to the failure load is approximately equal to that of the non-prestressed 
strengthened beam and the control beam. However, the application of a prestressing load restricted 
the number of cracks and reduced the number of cracks at the final load. The maximum crack widths 
versus the applied loads is indicated in Figure 2.26-b. The maximum values of the crack widths were 
calculated as an average width of the cracks, located at central length segments 1000 mm and        
500 mm from each side of the beam at mid span to avoid random error selection. Based on results, the 
width of cracks were more limited in the prestressed strengthened specimen compare with the control 
beam. 
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a) 
 
b) 
Figure 2.26 - a) Distribution of the cracks; and b) load-width of the cracks in the tested beams of Hajihashemi 
et al. (2011). 
Rezazadeh et al. (2014) studied the influence of prestress level on NSM CFRP laminates for the 
flexural strengthening of RC beams. Five RC beams were tested under the monotonic four-point 
bending test. One beam was kept as a reference beam (unstrengthened beam) and four beams were 
strengthened with a NSM CFRP laminate (1.4 mm (thickness) ×20 mm (width)) prestressed at 0%, 
20%, 30% and 40% of its nominal tensile strain. The geometry, loading and support conditions and 
the arrangement of the longitudinal steel reinforcements are represented in Figure 2.27-a,           
Figure 2.27-b and Figure 2.27-c. The compressive strength of the concrete was 32 MPa. The 
prestressing system represented in Figure 2.27-d was used to apply the prestressing load to the CFRP 
laminates.  
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Figure 2.27 - Characteristics of the tested type of beams: a) geometry, support and loading conditions; b) steel 
and CFRP reinforcements; c) positioning of the strain gauges; and d) prestressing system (Rezazadeh et al., 
2014). 
 
  
                                       a)                                                                      b) 
Figure 2.28 - a) Load-mid span deflection; and b) crack pattern at the ultimate stage of the RC beams tested by 
Rezazadeh et al. (2014). 
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Based on the results, in prestressed beams, the load corresponding to the serviceability limit states, 
concrete cracking and steel yielding initiations was increased compared with the non-prestressed 
strengthened beam. The increase of load carrying capacity at serviceability limit state for prestress 
levels of 0%, 20%, 30% and 40% was respectively, 32%, 47%, 55% and 63% when compared with 
the control beam. Regardless of the prestress level all strengthened beams provided an increase of 
more than 50% in terms of ultimate load, however, the ultimate deflection of the strengthened beams 
decreased with the increase of prestress level. All strengthened beams failed by CFRP rupture.   
Load-mid span deflection of tested RC beams and crack pattern at the ultimate stage are indicated in 
Figure 2.28. 
Costa (2014) studied the effect of prestressed CFRP laminates applied according to NSM technique 
to increase the flexural resistance of RC beams. General information of specimens are indicated in 
Figure 2.29. The concrete specimens were casted with a target strength class C20/25 (target average 
compressive strength of 33 MPa). The first series included four RC beams: one beam was a reference 
beam and three beams were strengthened with a NSM CFRP laminate (1.4 mm (thickness) ×20 mm 
(width)) prestressed at 0%, 20% and 30% of its nominal tensile strain. Each of the second and third 
series included six beams: one beam was as a reference beam and five beams were strengthened with 
a NSM CFRP laminate (1.4 mm (thickness) ×20 mm (width)) prestressed at 0%, 20%, 30%, 40% and 
50% of its nominal tensile strain. The nominal tensile strength of the CFRP laminates was 2000 MPa 
and nominal elastic modulus was 150 GPa (values provided by the supplier). 
 
 
Figure 2.29 - Geometry and steel reinforcements of RC beams: a) series I; b) series II; and c) series III (Costa, 
2014). 
 
a)  
b)  
c)  
Literature Review                                                             31 
  
The prestressing system was the same as that used by Rezazadeh et al., 2014. In series I, the distance 
between loading points was 400 mm, selected in order to maximize the pure bending length in an 
attempt to avoid shear failure (shear span to height ratio of 900mm / 300mm = 3.0). The beams of 
series II and series III were also tested under four-point bending but in this case using a pure bending 
length of 600 mm. The main results of this study are indicated in Table 2.7.  Based on the results, the 
increase of the cracking and yielding load of the prestressed beams ranged between 17%-126% and 
26%-67%, respectively when the results were compared with the reference beam. According to the 
obtained results, the load at crack and yield initiation increased significantly with the prestress level. 
The utimate load carrying capacity of the strengthened beams had not been affected by the prestress 
level applied to the CFRP laminates. The failure mode in all strengthened beams was dominated by 
the CFRP rupture. Other important effects at failure of beams were the significant decrease of 
ultimate deflection and total cracked length of the beam with the increase of the prestress level. 
However, the load carrying capacity at the deflection corresponding to service limit states (SLS, 
/250) increases with the prestress level. Based on the results, the increase of the service load of the 
prestressed beams ranged between 4%-56% when the results compared with the reference beam. 
Figure 2.30 shows the advantage (improvement of service condition) and the disadvantage (reduction 
of the ductility) of application of prestress NSM CFRP laminates in RC beams. 
 
Figure 2.30 - Effect of prestress on the force-deflection response of reinforced concrete beams (Costa, 2014). 
 
Przygocka et al. (2015) investigated the strengthening of RC slabs with prestressed and                 
non-prestressed NSM CFRP strips. The experimental program consisted of two series of RC slabs (A 
and B), each one with two slabs with difference tensile steel reinforcement bars: four steel bars of    
12 mm diameter (𝜌𝑠= 0.49%) in slabs NSM12A (series A) and NSM12B (series B) and four bars of 
16 mm diameter (𝜌𝑠= 0.87%) in slabs NSM16A (series A) and NSM16B (series B) as indicated in 
Figure 2.31. The steel bars at the top part of the beams (compressive longitudinal steel reinforcement) 
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included four steel bars with 16 mm of diameter, and shear reinforcement was provided by using the 
steel bars with 8 mm of diameter spaced at 150 mm. There were no strips in the pure bending 
moment region. The concrete cover at the bottom reinforcement was equal to 28 mm. The slabs were 
simply supported and tested under a static six point bending method based on Figure 2.31. Specimens 
of series A were strengthened with three CFRP strips, one prestressed in the mid-cross section and 
two non-prestressed bonded into the outer slits cut symmetrically with 150 mm spacing from the 
middle. Slabs in series B were strengthened with two CFRP strips, both prestressed. In these slabs 
strips were mounted symmetrically with the 200 mm spacing. The cross-section of the CFRP strip 
was with 2.5 mm thickness and 15 mm width. This provided the overall composite reinforcement 
ratio equal to 𝜌𝑓= 0.10% and 𝜌𝑓= 0.07%, respectively in series A and B. The prestress level in both 
strips of series B and in the middle strips in the series A was 35% of the ultimate tensile CFRP strain. 
Details of strengthening are indicated in the Figure 2.31. Authors of this study have proposed a 
prestressing device adapted to NSM CFRP strips that is indicated in Figure 2.32-a and Figure 2.32-c.  
 
       
 
Figure 2.31 - Static scheme, geometry, steel reinforcement and strengthening configuration of tested slabs of 
Przygocka et al. (2015). 
The results indicated that all slabs failed due to rupture of the CFRP strips. In series A after fracture 
of the prestressed CFRP strips, the passive strips took over the loading. The crack patterns of all 
tested RC slabs were basically the same in all tested slabs. No cracking was observed in the CFRP 
anchorage zones. Flexural strengthening of RC slabs using CFRP strips demonstrated high 
strengthening ratios of the tested specimens achieving 137% and 108% for the slabs with lower steel 
bar ratio and 73% and 53%, for the specimens with higher steel bar ratio. The effectiveness decreased 
with an increase in the steel bar ratio. Test results indicated that prestressing of the carbon FRP 
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reinforcement has considerable impact on the increase in cracking moment. However, the steel 
yielding moment and the ultimate bending moment were affected by internal steel bar ratio. Test 
results justified high efficiency of the prestressing NSM technique not only in the ultimate limit state, 
but in serviceability state as well. Introducing prestress of the CFRP strips improved the service 
conditions with a decrease in existing deflections and reduction of crack width. Figure 2.33 shows the 
relationship between bending moment and deflection at mid span for two specimens. 
  
a)                                                                                    b) 
  
c) 
d) 
Figure 2.32 - a) NSM pre-stressing system (Series A); b) CFRP strip mounted in the slit (Series A); c) NSM 
pre-stressing system (Series B); and d) CFRP strip mounted in the slit (Series B).  
 
      
Figure 2.33 - Bending moment-mid span deflection of RC slabs (Przygocka et al. (2015)). 
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Oudah et al. (2012-a) studied the fatigue performance of strengthened RC beams using prestressed 
NSM CFRP strips. Five RC beams were tested under in-service fatigue loading conditions with 
different prestress levels 0%, 20%, 40%, and 60% of the CFRP ultimate tensile strength. The 
geometry of the RC beams, the reinforcement arrangement, the loading and the support conditions are 
represented in Figure 2.34-a. Each beam was strengthened with two 2 mm (thickness) × 16 mm 
(width) strips bonded to each other using epoxy (Figure 2.34-b). All RC beams were subjected to 
fatigue loading for 3 million cycles at a frequency of 2.0 Hz such that, during the initial cycle, the 
stress range induced in the tension steel was 125 MPa based on the Canadian Highway Bridge Design 
Code. Experimental results showed that the percentage deflection increase was almost the same for 
all beams at the end of fatigue loading, which means that damage accumulation is independent of the 
prestress level. Based on the CFRP strain variation at mid-span for the 0% and 20% beams, 
debonding occurred during the initial cycling but bond degradation were not observed in the other 
beams. Prestressing the CFRP strips increased the bonding properties of strengthened beams in 
fatigue loading. In the first 500 cycles, steel and concrete strains and crack widths at mid span 
increased rapidly for all beams, but for the rest of the fatigue loading, stabilized linear increase trends 
followed. The testing protocol and variation of mid-span deflection with the number of load cycles 
are indicated in Figure 2.35. 
     
                                                                                    a)                              
                                                                  
                                                                 b)                                                  c) 
Figure 2.34 - a) Geometry of the RC beams, the reinforcement arrangement, the loading and the support 
conditions, Oudah et al. (2012-a and 2012-b); b) strengthening detail of Oudah et al. (2012-a), c) strengthening 
detail of Oudah et al. (2012-b).  
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 a) b) 
Figure 2.35 - a) Testing protocol; and b) variation of mid-span deflection with number of load cycles, Oudah et 
al. (2012-a). 
 
Oudah et al. (2012-b) also studied the fatigue performance of RC beams strengthened with 
prestressed NSM CFRP rod. In this study five beams were tested, one control(un-strengthened beam) 
and four beams were strengthened using NSM CFRP rods with different level of prestress, 0%, 
20.4%, 43.1%, and 57.4% of the ultimate tensile strain of CFRP rod. The geometry of the RC beams, 
the reinforcement arrangement, the loading and the support conditions are represented in            
Figure 2.34-a. The yield strength and modulus of elasticity of the steel bars were 440 MPa and       
200 GPa, respectively, and the concrete compressive strength was 41 MPa after 28 days. The beams 
were strengthened using one CFRP rod with 9.5 mm diameter (Figure 2.34-c). The elastic modulus of 
the CFRP was 124 GPa with ultimate tensile stress of 1896 MPa. All beams were tested in a four 
point bending test under in-service fatigue loading conditions for 3 million cycles at a frequency of   
2 Hz. During the first cycle, upper and lower load limits were chosen to induce a stress range of     
125 MPa in the tension steel. This work showed that all strengthened beams (with or without 
prestress) experienced deflection increase lower than that of the control (un-strengthened) beam 
which indicated the efficiency of the strengthening technique in reducing the damage accumulation. 
Furthermore, after 3 million cycles the percentage deflection increase and the stiffness degradation 
are almost the same for all the strengthened beams which indicated that damage accumulation is 
independent of the level of prestress. Figure 2.36 shows the bond mechanism of NSM FRP strips and 
rods. Based on this study, cracking was less likely to occur in strips as compared with rods due to the 
large lateral surface to cross-sectional area ratio and the slit dimensions. This rather than the CFRP 
geometry has a detrimental effect on the bond behavior.  
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 a) b) 
Figure 2.36 - Normal bond stresses transfer mechanism: a) strip; and b) rod, Oudah et al. (2012-b). 
Collating data from previous studies about RC beams and slabs strengthened with prestressed NSM 
CFRP materials, a database has been created, shown in Table 2.7. This table shows the increase in 
service, yielding and ultimate load and the decrease in the mid-span deflection in the strengthened RC 
elements with different levels of prestress than the references. Figure 2.37 shows the effect of the 
(𝜌𝑓 . 𝐸𝑓/𝐸𝑠)/𝜌𝑙,𝑒𝑞 on the cracking, yielding and ultimate loads of the beams with 0% and 20% 
prestressed NSM CFRP materials. The values of 𝜌𝑙,𝑒𝑞 and (𝜌𝑓 . 𝐸𝑓/𝐸𝑠)/𝜌𝑙,𝑒𝑞 are also indicated in the 
Table 2.7. According to the results, in the strengthened beams with increasing the contribution of 
CFRP materials ((𝜌𝑓 . 𝐸𝑓/𝐸𝑠)/𝜌𝑙,𝑒𝑞) in longitudinal reinforcements, the cracking, yielding and 
maximum loads increased compared to reference beam.  
Figure 2.38 compares the effect of the (𝜌𝑓 . 𝐸𝑓/𝐸𝑠)/𝜌𝑙,𝑒𝑞 on the cracking, yielding, maximum loads 
and maximum deflection of the beams with 0% and 20% prestressed NSM CFRP materials. 
According to the results, the increase in the cracking, yielding and maximum loads is higher in the 
prestressed RC elements than the non-prestressed elements regardless of the value of               
(𝜌𝑓 . 𝐸𝑓/𝐸𝑠)/𝜌𝑙,𝑒𝑞). With increasing the level of prestress, the maximum deflection has decreased.  
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Table 2.7 - Database of the RC beams and slabs strengthened with prestressed NSM CFRP materials. 
Reference Specimen 
 
Level of 
prestress 
(%)
 
(1) 
 
CFRP 
type 
(2) 
fcm 
(MPa)
 
sl 
(%)
 
(3) 
f 
(%)
 
(4) 
l,eq 
(%)
(5)
 
 
(f.f/
s)/
l,eq 
(%) 
 
 
 
Increase 
in 
crack 
load 
(%) 
Increase 
in 
service 
load 
(%) 
Increase 
in  
yielding 
load  
(%) 
Increase 
 in 
maximum 
load  
(%) 
Decrease 
in 
maximum 
deflection 
(%) 
Ref 0% 
Nordin 
(2003) 
BS1 0 QR 65 0.77 0.17 0.90 14.7 40 - 29 64 17 - 
BS2 0 QR 65 0.77 0.17 0.90 14.7 30 - 24 56 9 - 
BM1 0 QR 65 0.77 0.17 0.98 21.2 10 - 50 63 33 - 
BM2 0 QR 65 0.77 0.17 0.98 21.2 10 - 51 63 39 - 
BPS1 10 QR 65 0.77 0.17 0.90 14.7 100 - 39 61 24 17 
BPS2 11 QR 65 0.77 0.17 0.90 14.7 110 - 36 61 27 19 
BPS3 12 QR 65 0.77 0.17 0.90 14.7 130 - 50 60 37 24 
BPS4 12 QR 65 0.77 0.17 0.90 14.7 130 - 54 64 36 29 
BPS5 20 QR 65 0.77 0.17 0.90 14.7 160 - 70 63 46 35 
BPS6 20 QR 65 0.77 0.17 0.90 14.7 - - 67 97 77 -95 
BPM1 16 QR 65 0.77 0.17 0.98 21.2 150 - 73 71 48 22 
BPM2 16 QR 65 0.77 0.17 0.98 21.2 150 - 74 76 46 11 
BPM3 27 QR 65 0.77 0.17 0.98 21.2 220 - 84 75 51 27 
BPM4 19 QR 65 0.77 0.17 0.98 21.2 130 - 73 64 53 22 
Gaafar and 
El-Hacha 
(2008) 
B1-0% 0 S 46 0.88 0.08 0.94 6.2 45 - 18 61 22 - 
B1-20% 20 S 43 0.88 0.08 0.94 6.2 100 - 36 76 32 13 
B1-40% 40 S 40 0.88 0.08 0.94 6.2 173 - 44 77 49 35 
B1-60% 60 S 40 0.88 0.08 0.94 6.2 282 - 62 77 62 51 
Barros 
(2009) 
VLP 0 S 37.5 1.16 0.05 1.20 3.3 14 25 - 40 35 - 
VRC20 20 S 37.5 1.16 0.05 1.20 3.3 36 60 - 50 6 -45 
Badawi and 
Soudki 
(2009) 
0% 0 R 45 1.12 0.19 1.26 10.8 - 0 26 50 13 - 
40% 40 R 45 1.12 0.19 1.26 10.8 - 200 72 79 44 35 
60% 60 R 45 1.12 0.19 1.26 10.8 - 300 91 74 63 57 
Hajihashemi 
et al.(2011) 
S-NP 0 S 31 1.74 0.05 1.77 1.9 0 1 1 10 8 - 
S-P5 5 S 31 1.74 0.05 1.77 1.9 6 10 5 11 46 42 
S-P20 20 S 31 1.74 0.05 1.77 1.9 28 18 5 15 18 11 
S-P30 30 S 31 1.74 0.05 1.77 1.9 45 21 9 15 26 20 
Costa 
(2014) 
S1_0% 0 S 32.2 0.39 0.06 0.45 12.6 21 32 22 51 - - 
S1_20% 20 S 32.2 0.39 0.06 0.45 12.6 75 48 36 53 - 21 
S1_30% 30 S 32.2 0.39 0.06 0.45 12.6 84 55 47 55 - 31 
S2_0% 0 S 47.8 0.40 0.06 0.46 12.7 45 20 24 64 - - 
S2_20% 20 S 47.8 0.40 0.06 0.46 12.7 69 28 41 62 - 26 
S2_30% 30 S 47.8 0.40 0.06 0.46 12.7 69 37 47 60 - 38 
S2_40% 40 S 47.8 0.40 0.06 0.46 12.7 114 49 54 54   52 
S2_50% 50 S 47.8 0.40 0.06 0.46 12.7 126 56 67 58 - 58 
S3_0% 0 S 31.6 0.59 0.06 0.65 9.0 3 3 18 30 - - 
S3_20% 20 S 31.6 0.59 0.06 0.65 9.0 25 4 26 26 - 23 
S3_30% 30 S 31.6 0.59 0.06 0.65 9.0 17 10 33 27 - 31 
S3_40% 40 S 31.6 0.59 0.06 0.65 9.0 57 21 45 32 - 42 
S3_50% 50 S 31.6 0.59 0.06 0.65 9.0 54 26 47 32 - 52 
Rezazadeh 
et al. (2014) 
0% 0 S 32.2 0.39 0.06 0.45 12.6 23.2 31.7 21 51 47 - 
20% 20 S 32.2 0.39 0.06 0.45 12.6 60.3 47.3 38 53 58 21 
30% 30 S 32.2 0.39 0.06 0.45 12.6 66.8 54.9 46 55 63 31 
40% 40 S 32.2 0.39 0.06 0.45 12.6 81.6 63.1 49 42 78 59 
Przygocka  
et al. (2015) 
NSM12B 35 S 46 0.49 0.07 0.54 10.4 158 83 32 108 - - 
NSM16B 35 S 52 0.87 0.07 0.93 6.3 93 69 16 53 - - 
(1)  Level of prestress of the ultimate tensile strain of CFRP materials. (2)  CFRP type: QR (quadratic rod), S (strip), R (rod). (3) The percentage of the 
longitudinal tensile reinforcement was obtained from    100 swslsl dbA , where Asl is the cross sectional area of the   longitudinal tensile steel 
reinforcement, bw is the width of the beam, and ds is the distance from extreme compression fibre to the centroid of tensile reinforcement. (4) The CFRP 
percentage was obtained from    100f f w fA b d    ,
 
where fA  is the cross sectional area of the NSM CFRP flexural strengthening and df is the effective 
depth of the CFRP laminates. (5) 
sffsleql EE /,    Where Ef and Es are respectively, Young’s modulus of CFRP material and steel reinforcement. 
38                                                 Chapter 2  
 
    
 a) b) 
Figure 2.37 - Effect of the (𝜌𝑓 . 𝐸𝑓/𝐸𝑠)/𝜌𝑙,𝑒𝑞 on the cracking, yielding and maximum loads: a) 0% prestressed 
beams; and b) 20% prestressed beams. 
 
   
 a) b) 
   
 c) d) 
Figure 2.38 - Effect of the (𝜌𝑓 . 𝐸𝑓/𝐸𝑠)/𝜌𝑙,𝑒𝑞 on the: a) cracking loads; b) yielding loads; c) maximum loads; 
and d) maximum deflections. 
 
Chapter 3 
Experimental validation of the proposal flexural 
strengthening technique of RC slabs 
 
 
The results obtained in the experimental researches presented in the section 2.2 of the Chapter 2 of 
this thesis demonstrated that applying NSM CFRP flexural strengthening with a certain prestress 
level can mobilize better the potentialities of these high tensile strength materials, with an appreciable 
increase of the load carrying capacity of RC beams not only in terms of ultimate limit states but also 
for the serviceability limit states.  
To investigate the effect of the prestressed NSM CFRP laminates on the behavior of RC slabs, a 
preliminary experimental program was carried out. A total of four RC slabs were tested, a reference 
slab (without CFRP), and three slabs flexurally strengthened using NSM CFRP laminates with 
different prestress levels: 0%, 20% and 40% of the ultimate tensile strength of the CFRP material. In 
the next section, the experimental program is described and the main results are presented and 
analyzed in terms of the structural behavior of the RC slabs, failure modes and performance of the 
NSM technique with prestressed CFRP laminates.  
 
3.1 - TEST SERIES OF THE PRELIMINARY EXPERIMENTAL PROGRAM 
The preliminary experimental program is composed of four RC slabs with a rectangular cross section 
of 600 mm (width) ×120 mm (height), a total length of 2600 mm and a span length of 2400 mm. The 
longitudinal steel reinforcement consisted of 3 bars of 6 mm diameter (36) in the compression zone 
and 4 bars of 8 mm diameter (48) in the tension surface. Steel stirrups of 6 mm diameter spaced at 
300 mm (6@300mm) are adopted for transversal steel reinforcement, and have the main purpose of 
maintaining the longitudinal reinforcement in the targeted position. The adopted reinforcement 
systems were designed to assure flexural failure mode for all the tested slabs. Figure 3.1 represents 
the cross sectional geometry and reinforcement detail for each slab, as well as the longitudinal 
geometry, loading configuration and support conditions. The concrete clear cover of the longitudinal 
tensile bars is 20 mm. 
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Figure 3.1- General information about the tested RC slabs (Dimensions in mm). 
Figure 3.2 shows the mold before and after the introduction of steel reinforcements into each of the 
four RC slabs. Before casting of the concrete, the surface of the molds was well lubricated. Plastic 
supports (spacers) were used in the contact between the steel reinforcements and the mold for setting 
the steel reinforcements correctly inside the molds and the creation of the concrete cover. The plastic 
supports were used at the specific intervals as indicated in Figure 3.2. The casting of the four RC 
slabs is indicated in Figure 3.3. In order to evaluate the properties of the concrete of the RC slabs, 
nine cylindrical concrete specimens, of 150 mm diameter and 300 mm depth, were also cast     
(Figure 3.3). 
  
Figure 3.2 - Details of the mold before and after the introduction of the steel reinforcements. 
 
  
 
 
 
600 mm
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24 184 184 24
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100 900 600 900 100
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Figure 3.3 - Casting of the slabs and the cylindrical specimens. 
The general information of the four tested RC slabs is represented in Table 3.1. The SREF is the 
reference slab without CFRP, and the S2L-0, S2L-20 and S2L-40 slabs are those flexurally 
strengthened using two NSM CFRP laminates (Figure 3.4) with different prestress levels:               
0% (S2L-0), 20% (S2L-20) and 40% (S2L-40) of the ultimate tensile strength of the CFRP laminates. 
The CFRP laminates used in the present experimental program have a cross section of                     
1.4 (thickness)×20 (depth) mm
2
. Table 3.1 shows that the tested RC slabs have a percentage of 
longitudinal tensile steel bars (sl) of about 0.35%, while the CFRP strengthening percentage (f) is 
approximately 0.085%. 
Table 3.1 - General information about the tested RC slabs. 
Slab 
ρsl 
   (%)  
NSM CFRP flexural strengthening 
Level of prestress (%) 
Quantity 
ρf 
           (%) 
SREF 
0.349 
- - - 
S2L-0 2 CFRP laminates with 1.4×20 mm
2
 
of cross-section 
(Af = 2×1.4×20 = 56 mm
2
) 
0.085 
0 
S2L-20 20 
S2L-40 40 
 
 
 
Figure 3.4 - Cross-section of the RC slabs strengthened with NSM CFRP laminates with or without prestress 
(Dimensions in mm). 
 
 
 
120 20
150 300 150
Ø6@300
(Concrete cover of the
longitudinal bars)
(2 NSM CFRP Laminates)
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3.2 - STRENGTHENING SYSTEMS 
3.2.1 - Application of passive NSM CFRP laminates 
To apply the passive CFRP laminates using NSM technique, the following procedures were executed: 
1) using a diamond cutter, slits of about 5 mm width and 25 mm depth were opened on the concrete 
cover of the tension face, according to the pre-defined arrangement for the laminates (Figure 3.5-a); 
2) the slits were cleaned by compressed air (Figure 3.5-b); 3) the laminates were cut with the desired 
length and cleaned with acetone (Figure 3.5-c); 4) the epoxy adhesive was produced according to the 
supplier’s recommendations (Figure 3.5-d); 5) the slits were filled with the adhesive (Figure 3.5-e); 6) 
a layer of adhesive was applied on the faces of the laminates (Figure 3.5-f); and 7) the laminates were 
inserted into the slits (Figure 3.5-g) and adhesive in excess was removed (Figure 3.5-h). Figure 3.5-i 
shows the non prestressed CFRP slab after the application of the strengthening. 
 
    
(a) Opening the slits (b) Cleaning the slits 
(c) Cleaning the laminates and  
installation of the strain gauges 
   
(d) Preparation of epoxy adhesive 
(e) Applying the adhesive in the 
slits 
(f) Applying a layer of adhesive on 
the faces of the laminates 
   
(g) Inserting the laminates into the 
slits 
(h) Removing the adhesive in excess (i) Slab after the strengthening 
Figure 3.5 - RC slab flexurally strengthened with passive NSM CFRP laminates.  
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3.2.2 - Application of prestressed NSM CFRP laminates 
Figure 3.6 shows the device for applying the prestressing load in the CFRP laminates. This device 
includes the main system to apply the pressure into the hoses, a handle for controlling the oil 
pressure, hydraulic hollow jacks for transferring force to the laminates and load cells that were 
installed between the hydraulic jacks and main frame to control the value of the prestressing load. 
The design details of the mechanical components of this prestressing system can be consulted 
elsewhere (Costa and Barros, 2012). The values of the loads and strains were recorded by a data 
acquisition system continuously over time. The prestress levels that were intended to apply on the 
slabs were defined in terms of strain based on maximum strain of CFRP laminates. This means that as 
the maximum strain of this material was 16.2‰, a prestress level of 20% had a target strain of        
0.2 ×16.2 = 3.24‰ while a prestress level of 40% required the application of 0.4 ×16.2 = 6.48‰. 
    
 
Figure 3.6 - Prestressing system. 
Data acquisition 
system 
 
Handle 
Hydraulic jacks 
Main frame 
Passive anchors 
Active anchors 
Load cells 
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After installing the slab in the right position on the prestressing line, the CFRP laminates were 
installed into the slits (that were previously opened on the concrete cover of the tension face about 
5 mm width and 25 mm depth). These were then passed through the hydraulic jacks and load cells. 
They were anchored in both extremities by using an active and a passive anchor, as is shown in the 
Figure 3.7. Each laminate was installed in the middle of the slit, as close as possible to the slab’s 
external surface.  
  
 
(a) Opening the slits 
(b) After installation the slab in the 
prestress line and to clean the slits 
(c) After cutting the laminates and 
installation of the passive anchors 
   
(d) Inserting the laminates in the 
slits  
(e) Cleaning  the laminates and  
installation of strain gauges 
(f) Fixing the laminates with active 
anchors 
   
(g) Applyingthe  prestress loads (h) Preparation of epoxy adhesive (i) Applying the adhesive in the slits 
 
 
 
(j) Curing the adhesive 
(k) After releasing the loads and to 
cut the laminates 
(l) Prestressed slab ready to four point 
bending test 
Figure 3.7 - Application of prestressed NSM CFRP laminates in RC slabs (Step by step). 
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Two load cells and all strain gauges were connected to the data acquisition system to record values of 
prestressed loads and strains. Initial values of strain gauges had been noted from the system. The 
prestressing load was applied to one extremity of the laminate by the hydraulic jack, while the other 
extremity of the CFRP laminate remained fixed to the main frame of the prestress line  using steel 
anchors. The increase of the prestressing load was about 0.5 kN/min by controlling the value of the 
load cell. During the application of the prestressing load, the strain gauges were checked and when 
the difference between the new value of strain and the initial value of strain had reached the target 
strain, load application was stopped. When the prestressing load was completely applied to the 
laminates, epoxy adhesive was applied into the slits using a spatula, as shown in Figure 3.7. Special 
care was taken in the execution of this task in order to avoid the formation of voids in the concrete-
adhesive-CFRP interfaces, as well as into the adhesive layer.  After curing the adhesive (about seven 
days), the prestressing load was released slowly and simultaneously in both CFRP laminates at a load 
rate of about 0.3 kN/min. Figure 3.7 shows application of presstress NSM CFRP laminates step by 
step. 
 
3.3 - TEST SETUP AND MONITORING SYSTEM 
The four point slab bending tests were executed under displacement control at a deflection rate of 
0.02 mm/second. The test setup is indicated in Figure 3.8. All slabs were instrumented to measure the 
applied load, deflections and strains in the CFRP laminates and longitudinal tensile steel 
reinforcement. Positions of the LVDTs (linear variable displacement transducers) and strain gauges 
(SG) in the monitored longitudinal tensile bars and in the NSM CFRP laminates are indicated in 
Figure 3.9. The deflection of the slabs was measured by five displacement transducers (LVDT 1 to 
LVDT 5) according to the arrangement indicated in Figure 3.9-a.  
To evaluate the strains on the steel bars, three strain gauges were installed (Figure 3.9-b) on the two 
bottom longitudinal steel bars (SG-S1 to SG-S3). In the non-prestressed slab three strain gauges were 
installed on the two CFRP laminates (SG-L1 to SG-L3) according to the scheme represented in 
Figure 3.9-c, while in the prestressed slabs the disposition of the five strain gauges (SG-L1 to SG-L5) 
applied on two CFRP laminates is indicated in Figure 3.9-d (the SG-L4 and SG-L5 strain gauges 
were installed near the end of one CFRP laminate to determine prestress losses). 
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a) 
  
 
b) 
Figure 3.8 - Test setup: a) Supports; and b) Four point bending test. 
 
Fixed support Sliding support 
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Figure 3.9 - Positions of the: a) displacement transducers (LVDTs); b) strain gauges in the monitored 
longitudinal tensile bars; c) strain gauges in the NSM CFRP laminates on the non-prestressed slab; and d) 
strain gauges in the NSM CFRP laminates on the prestressed slabs (Dimensions in mm). 
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Figure 3.10 shows the steel reinforcements of the slabs after the installation of three strain gauges 
(FLA-3-11) in two of the longitudinal tensile bars as shown in Figure 3.9. For installing the strain 
gauge, the surface of the steel bar that was supposed to be installed the strain gauge was smoothed 
with sandpaper and was cleaned with alcohol. Then the strain gauge was installed horizontally in the 
longitudinal direction of the steel bar using an epoxy and was pressed by hand for less than one 
minute using a plastic cover. After hardening the epoxy, the plastic cover was removed and the strain 
gauge was covered by band and special epoxy to prevent damage during the casting of the concrete.  
   
(a) (b) (c) 
Figure 3.10 - Installation of strain gauges in steel reinforcements. 
Figure 3.11 shows the installation of strain gauges (BFLA-2-3-3L) in the CFRP laminates (3 strain 
gauges in S2L-0 slab and 5 strain gauges in S2L-20 and S2L-40 slabs). At first, it was necessary to 
clean all the length of the CFRP laminate with alcohol. Then the surface of the laminate on which the 
strain guage was supposed to be installed was smoothed with sandpaper and was cleaned again with 
alcohol (Figure 3.11-a). The strain gauge was installed horizontally in the direction of the length of 
the CFRP laminates using an epoxy and was pressed by hand for less than one minute using a plastic 
cover (Figure 3.11-b). After hardening the epoxy, the plastic cover was removed (Figure 3.11-c) and 
the strain gauge was covered with a black tape to prevent damage during the strengthening of the 
slab. Figure 3.11-d shows the CFRP laminates after installing the strain gauges. During the 
strengthening of the prestressed slabs, the application of the epoxy adhesive inside the slits in the 
position of the strain gauges was executed very carefully to prevent the damage. Figure 3.11-e shows 
slabs after strengthening. 
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(a) (b) (c) 
                
Non-prestress slab                                                      Prestress slab 
(d) 
         
                                 Non-prestress slab                                                            Prestress slab 
(e) 
Figure 3.11 - Installation of strain gauges in CFRP laminates. 
 
3.4 - MATERIALS 
The concrete compressive strength and Young’s modulus was evaluated at the age of the slab tests, 
carrying out direct compression tests with cylinders of 150 mm diameter and 300 mm height    
(Figure 3.12), according to EN 206-1 (2000) and LNEC E397 (1993). In the tested slabs, high bond 
steel bars of 6 and 8 mm diameter were used. The values of their main tensile properties were 
obtained from uniaxial tensile tests (Figure 3.13) performed according to the recommendations of  
EN 10002-1 (1990). The tensile properties of the CFK 150/2000 S&P laminates were characterized 
by uniaxial tensile tests carried out (Figure 3.14) according to ISO 527-5 (1997). Table 3.2 includes 
the average values obtained from these experimental programs.  
S&P Resin 220 epoxy adhesive was used to bond the CFRP laminates to the concrete substrate. The 
instantaneous and long term tensile behavior of this adhesive was investigated by Costa and Barros 
(2013). At 3 days, at which the elasticity modulus (E0.5~2.5‰) has attained a stabilized value, the 
tensile strength and the E0.5~2.5‰, determined according to the ISO 527-2 recommendations           
(ISO 527-2, 1993), was about 20 MPa and 7 GPa, respectively.  
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.                
                                          (a)        (b) 
Figure 3.12 - Evaluation of the concrete properties: a) elasticity modulus; and b) compressive strength. 
  
 
Ø6 
 
Ø8 
Figure 3.13 - Evaluation of the steel reinforcement properties. 
 
 
 
Figure 3.14 - Evaluation of the CFRP laminate properties. 
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Table 3.2 - Values of the properties of intervening materials. 
Concrete 
Compressive strength Elasticity modulus 
fcm = 46.7 MPa (1.0)
(1) 
(at 294 days - age of slab tests) 
Ecm = 29.7 GPa (0.8)
 (1) 
(at 294 days - age of slab tests) 
Steel 
Tensile strength 6 8 
fsym 
(yield stress) 
464.0 MPa (22.5)
(1) 
486.0 MPa (22.0)
 (1) 
fsum 
(tensile strength) 
617.7 MPa (13.9)
 (1) 
570.2 MPa (13.9)
 (1) 
CFRP 
Laminates 
Tensile strength Elasticity modulus Maximum strain 
ffum =  2483.9 MPa (180.9)
 (1) 
Efm =  153.2 GPa (7.2)
 (1) εfu =  16.2 ‰ (1.0)
 (1) 
(1) The value in parenthesis is the standard deviation. 
 
3.5 - RESULTS AND DISCUSSION 
3.5.1 - Load carrying capacity of the tested slabs 
Figure 3.15 shows the relationship between the applied load and the deflection at mid-span, F-u, for 
the four tested RC slabs. This figure shows that the experimental load-displacement curve of the slabs 
has three important phases, until cracking of the concrete, between concrete cracking and yield 
initiation of the steel reinforcement, and between steel reinforcement yield initiation and ultimate 
load. As expected, the un-strengthened control slab behaved in a plastic manner in the third phase. 
The almost linear behavior of the third phase of strengthened slabs is due to the contribution of the 
CFRP, since the laminates have linear behavior, while steel reinforcement is in a plastic stage and 
cracked concrete is too damaged. In fact, above the deflection corresponding to yield initiation, the 
load carrying capacity of the strengthened slabs has increased up to the CFRP rupture, after which the 
load dropped to that of the control slab. Regardless of the prestress level of the laminates (0%, 20% 
and 40%), the adopted CFRP configuration provided an increase in the slab’s load carrying capacity 
at serviceability and ultimate limit states. 
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Figure 3.15 - Load vs. deflection at mid-span of the tested RC slabs. 
Table 3.3 shows the summary of the results of the tested RC slabs in terms of service (Fserv.), yielding 
(Fsy) and maximum (Fmax) load (see also Figure 3.15). The values of the deflection at mid-span for the 
loads Fsy (uFsy.) and Fmax (uFmax) are also indicated in Table 3.3 The service load (Fserv) is the load 
corresponding to the maximum allowed deflection for serviceability limit states (uFserv), which 
according to the Eurocode 2 (2004) is l/250, where l is the slab span length (l/250 = 2400 mm/250 = 
9.6 mm). The yielding load is herein defined as the load at which a considerable decay of stiffness 
has occurred. 
Based on Table 3.3, the values of service load of reference, non-prestressed, 20% and 40% 
prestressed slabs are respectively, 15.9 kN, 19.8 kN, 24.7 kN and 34.8 kN, which evidences the 
benefits of applying the CFRP laminates with a certain level of prestress. Strengthening the RC slabs 
with NSM CFRP laminates resulted in higher yielding loads than the Fsy of the reference slab. The Fsy 
has increased with the prestress level. The values of maximum load of strengthened slabs ranged 
between 51.8 kN and 56.9 kN, which is 2.3 and 2.5 times higher the maximum load of the reference 
slab (22.6 kN). The deflection at yield initiation and at maximum load has a tendency to decrease 
with the increase of the prestress level. Since the load at crack initiation increases with the prestress 
level, and considering the stiffness and load amplitude between crack initiation and yield initiation do 
not change significantly with the prestress level, the deflection at yield initiation decreases. By 
increasing the prestress level, larger initial strains are introduced in the CFRP laminates. Due to this 
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fact and considering the CFRP has ruptured at maximum load, the corresponding deflection has 
decreased with the prestress level.  
 Table 3.3 - Summary of the results in terms of loads and deflections (Preliminary test). 
Slab  
Service Yielding Maximum 
Fserv. 
(kN) 
 uFserv. 
(mm) 
Fsy 
(kN) 
 uFsy 
(mm) 
Fmax 
(kN) 
 uFmax 
(mm) 
SREF 15.9 9.6 19.0 14.8 22.6 158.2 
S2L-0 19.8 9.6 29.5 20.6 51.8 85.9 
S2L-20 24.7 9.6 35.7 20.2 53.3 63.3 
S2L-40 34.8 9.6 45.7 17.9 56.9 42.3 
 
3.5.2 - Crack pattern and failure modes 
Figure 3.16 shows the final crack pattern of the tested RC slabs. The first cracks occurred in the pure 
bending zone (between the loaded sections). Under further increase in the load, the cracks became 
wider and new cracks started to initiate in the shear span of the slabs. By strengthening RC slabs with 
NSM CFRP laminates, the average distance between cracks decreased. In fact, the values of the 
average distance between cracks are 127 mm, 104 mm, 95 mm and 83 mm for the slabs, respectively, 
SREF, S2L-0, S2L-20 and S2L-40. During the tests of the RC slabs until the failure it was possible to 
observe that the cracks width had decreased by strengthening RC slabs with NSM CFRP laminates. 
From the comparison of the final crack pattern of the NSM slabs, it is possible to conclude that the 
length of the slab’s cracked band has decreased with the increase of the prestress level due to the 
initial compressive strain field introduced by the prestress. In fact the values of the slab’s cracked 
band are 1272 mm, 1761 mm, 1513 mm and 1322 mm for the slabs, respectively, SREF, S2L-0,  
S2L-20 and S2L-40. 
Two types of failure modes occurred in the tested RC slabs: 1) the reference slab failed by the 
concrete crushing after the yielding of the tensile steel reinforcements (Figure 3.17-a). 2) the NSM 
strengthened slabs failed by the rupture of the CFRP (Figure 3.17-b) after the yielding of the tensile 
steel reinforcements. 
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Non-strengthened RC slab (SREF slab) 
 
 
RC slab strengthened with non-prestressed CFRP laminates (S2L-0 slab) 
 
 
RC slab strengthened with prestressed CFRP laminates - 20% (S2L-20 slab) 
 
 
RC slab strengthened with prestressed CFRP laminates - 40% (S2L-40 slab) 
Figure 3.16 - Cracking patterns for tested slabs. 
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a) Concrete crushing in the reference RC slab 
          
b) Rupture of the CFRP in the slabs strengthened with NSM CFRP laminates 
Figure 3.17 - Failure modes of the tested RC slabs. 
 
 
3.5.3 - Strains in the CFRP 
The maximum values of strain recorded in strain gauges installed in the CFRP laminates up to the 
maximum load (Fmax) of the slabs are indicated in the column “Total” of the Table 3.4. Each of these 
values is the addition of the strain at the end of the prestress phase (column “Prestressing”) with the 
maximum strain registered in the loading phase of the slab up to its Fmax (column “Test”). The 
maximum values of strain measured in the CFRP laminates (column “Total”), namely in the SG-L2, 
are quite close to the ultimate tensile strain of the CFRP, justifying the failure mode of the 
strengthened slabs and the high effectiveness of the NSM technique for the flexural strengthening of 
RC slabs. Based on this table, with increasing the level of prestress, the total strain in the CFRP 
laminates increases showing that with increasing the level of prestress, the probability of using 
greater capacity of CFRP laminates increases.  
Figure 3.18 shows the relationship between the applied load and the strain in the SG-L1, SG-L2 and 
SG-L3 strain gauges. The initial strain of CFRP laminates of the 0%, 20% and 40% prestressed slabs 
is indicated in Table 3.4. According to the Figure 3.18, the load-CFRP strain curves of the slabs have 
the same three important phases that were above mentioned in the analysis of the Figure 3.15: 1) until 
the cracking of the concrete, where the variation is almost null; 2) between concrete cracking and 
yield initiation of the steel reinforcement, where the strain has increased with the load; 3) and 
between steel reinforcement yield initiation and ultimate load, with an almost equal strain gradient in 
Top part of the 
reference slab near 
the loaded section 
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all the slabs. This is much more pronounced than in the previous phase, due to the plastic stage of the 
steel reinforcement. 
Table 3.4 - Maximum values of strain recorded in CFRP laminates’ strain gauges up to the maximum load of 
the slabs (Preliminary test). 
 
Slab  
SG-L1(‰) SG-L2(‰) SG-L3(‰) 
Prestressing Test Total Prestressing Test Total Prestressing Test Total 
S2L-0 0.0 13.9 13.9 0.0 15.0 15.0 0.0 4.0 4.0 
S2L-20 2.7 12.0 14.6 3.3 11.9 15.2 2.7 2.4 5.1 
S2L-40 6. 5 9.3 15.8 6.9 9.2 16.1 6.4 1.5 7.9 
 
  
 
a)        b) 
 
c) 
Figure 3.18 - Load vs. strain in CFRP laminates: a) SG-L1; b) SG-L2; and c) SG-L3. 
 
3.5.4 - Effect of the prestress 
To evaluate the effect of the prestress level of CFRP laminates on the overall flexural behavior of RC 
slabs, the values of loads ( StrservF ;
Str
maxF ) and corresponding deflection to 
Str
maxF  (
Str
Fmax
u ) of the strengthened 
prestressed slabs are compared in Table 3.5 with those values of the reference slab ( Ref
serv
F ; Ref
max
F ; RefFmaxu ). 
By considering these values, the parameters Refserser FFΔ , 
Ref
maxmax FFΔ  and 
Ref
FF maxmax
uuΔ were evaluated and 
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included in Table 3.5, where Refserv
Str
servserv FFF Δ and
Ref
max
Str
maxmax FFF Δ . The results obtained evidence 
that applying a prestress level of 0%, 20% and 40% in the CFRP laminates has provided an increase 
of, respectively, 24.4%, 55.1% and 118.8% in service load, and an increase of, respectively, 129.2%, 
136% and 151.8% in maximum load. However, the maximum deflection has decreased in 45.7%, 
60% and 73.3% by applying a prestress level of 0%, 20% and 40%. Nonetheless, the decrease of uFsy 
for the S2L-20 and S2L-40 was only 2% and 13%, while at uFmax both the prestressed slabs had 
already experienced a large incursion at the plastic stage of the steel reinforcement, therefore the level 
of ductility is still significantly high in the prestressed slabs. 
Table 3.5 - Performance of the NSM technique by considering relevant results of the strengthened and 
reference slabs (Effect of the prestress – Preliminary test). 
Slab 
Ref
servserv FFΔ  
(%) 
Ref
maxmax FFΔ  
(%) 
Ref
FF maxmax
uuΔ
 
(%) 
S2L-0 24.4 129.2 -45.7 
S2L-20 55.0 136.0 -60.0 
S2L-40 118.8 151.8 -73.3 
 
Figure 3.19-a shows the effect of increasing the prestressing level on the service, yielding and 
ultimate loads with respect to the reference slab, SREF, and the non-prestressed strengthened slab, 
S2L-0. This figure clearly evidences the pronounced favorable effect of the prestress level in terms of 
load carrying capacity of RC slabs at serviceability and at yield initiation stages, while the increase of 
ultimate load was not significantly affected by the prestress level adopted. 
Figure 3.19-b represents the effect of increasing the prestress levels on the deflection at yielding and 
ultimate loads. When compared with these values recorded in the SREF and S2L-0 slabs, it is verified 
a significant decrease of deflection capacity with the increase of the prestress level. 
Figure 3.20 shows the relation between the prestress level and the normalized value of energy 
consumed during the loading process of the slabs up to the uFmax (deflection at mid-span for the loads 
Fmax -Table 3.3). This energy concept was calculated for each tested RC slab as the area under the 
load-deflection curve. The above mentioned normalized value of energy was obtained for two cases: 
the ratio between the energy of the strengthened RC slab and the energy of the reference RC slab 
(SREF) and the ratio between the energy of the prestressed strengthened RC slab and the energy of 
the non-prestressed strengthened RC slab (S2L-0). In both cases an almost linear decrease of the 
energy consumed was observed with the increase of the prestress level.  
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                                     a) b) 
Figure 3.19 - Effect of the prestress level on: a) service, yielding and ultimate loads; and b) yielding and 
ultimate deflection. 
 
 
Figure 3.20 - Effect of increasing the prestressing level on the ductility of the RC slabs. 
 
3.6 - CONCLUSIONS 
By carrying out the preliminary tests, flexural strengthening of RC slabs by prestressed NSM CFRP 
laminates was investigated. From the experimental results obtained it can be concluded that:  
 Regardless of the prestress level of the CFRP laminates, the NSM technique with CFRP laminates 
is highly effective for the flexural strengthening of RC slabs. In fact, the adopted CFRP flexural 
strengthening configuration (two NSM CFRP laminates each one with a cross section of       
1.4×20 mm
2
) has provided an increase in terms of maximum load that ranged between 129% and 
152% of the maximum load of the reference RC slab. 
 Strengthening RC slabs with prestressed NSM CFRP laminates resulted in a significant increase of 
load carrying capacity at serviceability and ultimate limit states. By applying 20% of prestress in 
the NSM CFRP laminates, the service and ultimate loads have increased, respectively, 55% and 
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136% when compared to the corresponding values of the reference slab, while 40% of prestress, 
has guaranteed increases of 119% and 152%. 
 By increasing the prestress level in the NSM CFRP laminates the overall flexural behavior of the 
slabs at service and ultimate states has improved, but the deflection at the maximum load and at 
yield initiation of the steel reinforcement of the slabs has decreased with the increase of the 
prestress level. However, the deflection at maximum load was more than two times that of the 
deflection at yield initiation, with a significant plastic incursion on the steel reinforcement, which 
assures the required level of deflection ductility for this type of RC structures. 
 Regardless of the prestress level applied to the CFRP laminates, all the strengthened slabs failed by 
rupture of the laminates after yielding of the tension steel reinforcement. This failure mode proved 
the high effectiveness of the NSM technique for the flexural strengthening of RC slabs. 
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Chapter 4 
Prestressed NSM CFRP Laminates Technique for the 
Flexural Strengthening of RC slabs: An Extensive 
Experimental Research  
 
 
Preliminary tests have shown that strengthening RC slabs with prestressed NSM CFRP laminates 
results in a significant increase of load carrying capacity at serviceability and ultimate limit states and 
regardless of the prestress level applied to the CFRP laminates, all the strengthened slabs failed due to 
rupture of the CFRP laminates after yielding of the tension steel reinforcement. This behavior proved 
that using prestress CFRP laminates is a good strategy for strengthening this kind of element. 
In the present chapter is described the extensive experimental program that was carried out in order to 
evaluate the influence of the following parameters on the flexural behavior of RC slabs strengthened 
with prestressed NSM CFRP laminates: level of prestress; percentage of existing steel reinforcement; 
concrete quality and effect of damage prior to the application of the CFRP. For this purpose the 
extensive experimental program included 20 RC slabs divided in four series of tests (I, II, III and IV).  
4.1 - PRESENTATION OF THE EXTENSIVE EXPERIMENTAL RESEARCH 
Table 4.1 shows the general information about the four series of specimens that were tested (test 
configuration, percentage of the longitudinal tensile reinforcement (sl), CFRP percentage (f), 
compressive strength of the concrete, if the RC slabs have pre-cracks before the application of the 
CFRP and the number of specimens for each series. Figure 4.1 represents the cross section geometry 
of RC slabs, before and after the strengthening, the reinforcement details adopted in each series of RC 
slabs, as well as the longitudinal geometry, loading configuration and support conditions of the tested 
RC slabs.  
The experimental program is composed of twenty RC slabs with a rectangular cross section of 
120×600 mm
2
, a total length of 2600 mm, and a span length of 2400 mm. The longitudinal steel 
reinforcement consisted of 3 bars of 6 mm diameter (36) in the compression zone. In the RC slabs of 
the series I, III and IV, the longitudinal steel reinforcement in the tension zone consisted of 4 bars of 
8 mm diameter (48). In the RC slabs of the series II, the longitudinal steel reinforcement in the 
tension zone consisted of 4 bars of 10 mm diameter (410). Steel stirrups of 6 mm diameter spaced at 
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300 mm (6@300mm) were adopted as transversal reinforcement, and had the main purpose of 
maintaining the longitudinal reinforcements in the targeted position. The adopted reinforcement 
systems were designed to assure flexural failure mode for all the tested slabs. The concrete clear 
cover of the longitudinal tensile bars was 31 mm. For the flexural strengthening of RC slabs in the 
present experimental program, two NSM CFRP laminates were used (regardless of the prestress 
level). The CFRP laminates had a cross section of 1.4 mm (thickness) ×20 mm (depth) and were 
installed with 300 mm distance in the tension zone of the strengthened RC slabs. 
Table 4.1 - General information about extensive experimental research.  
Series 
Test 
configuration 
sl (%) f (%) 
Compressive 
strength, fcm (MPa) 
Damage 
Number of 
specimens 
I Figure 4.1 0.394 (48) 0.085 40 No 6 
II Figure 4.1 0.623 (410) 0.085 40 No 4 
III Figure 4.1 0.394 (48) 0.085 15 No 4 
IV Figure 4.1 0.394 (48) 0.085 40 Yes 6 
 
 
                                                                                                 a) 
                 
                                                                         b) Sec A-A 
Figure 4.1 - General information about the extensive experimental research (Dimensions in mm). 
The general information of the tested RC slabs is represented in Table 4.1. Table 4.1 shows that the 
tested RC slabs had a percentage of longitudinal tensile steel bars (sl) of about 0.39% in series I, III, 
IV and about 0.62% in series II while the CFRP strengthening percentage (f) is approximately 
0.085% for all series. The value of compressive strength of the concrete (fcm) for series I, II, IV was 
around 40 MPa and for series III was around 15 MPa. 
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The series I of the tests was done in order to investigate the effect of the prestress level of NSM 
CFRP laminates on the behavior of RC slabs. A total of six RC slabs were tested, a reference slab 
(without CFRP), and five slabs flexurally strengthened using NSM CFRP laminates with different 
levels of prestress: 0%, 20%, 30%, 40% and 50% of the ultimate tensile strength of the CFRP 
material. The compressive strength of the concrete of these six RC slabs was around 40 MPa.  
The second series (II) of the specimens were tested in order to evaluate the effect of the percentage of 
tensile steel reinforcement (sl). For this purpose, in this series four RC slabs were tested: a reference 
slab and three slabs flexurally strengthened using NSM CFRP laminates with different levels of 
prestress (0%, 20% and 40%).  The only difference between these four slabs and the slabs of the 
series I (reference slab and slabs with 0%, 20% and 40% of prestess in the CFRP laminates) was the 
amount of the tensile steel reinforcements. In fact in the slabs of the series II, 410 as tensile steel 
reinforcements were used (Figure 4.1). 
Series III of the slabs were tested in order to appraise the possibility of the application of prestress 
NSM CFRP laminates for the flexural strengthening of low strength concrete slabs and to investigate 
the effect of the compressive strength of the concrete (class of concrete). A total of four RC slabs 
were tested, a reference slab (without CFRP), and three slabs flexurally strengthened using NSM 
CFRP laminates with different levels of prestress: 0%, 20% and 40% of the ultimate tensile strength 
of the CFRP material. All details of these four specimens were the same as the first group of slabs 
(reference slab and slabs with 0%, 20% and 40% of prestess in the CFRP laminates) but only the 
compressive strength of the concrete in series III was 15 MPa.  
The strengthening intervention often involves concrete elements already cracked. To evaluate the 
influence, on the strengthening effectiveness, of already existing cracks (damage) when a RC slab is 
flexurally strengthened with prestressed NSM CFRP laminates, some of the RC slabs were pre-
cracked prior to their strengthening. The fourth group (IV) of the tests was done to study the effect of 
the level of the damage on the behavior of the flexural strengthened RC slabs with the prestressed 
NSM CFRP laminates that included six RC slabs: two slabs with 0% prestress, two slabs with 20% 
prestress and two slabs with 40% prestress. It was analyzed two levels of damage for each level of 
prestress. In this series, all details of the specimens and compressive strength of the concrete was 
exactly the same as the first series of the specimens but only three of the specimens (with 0%, 20% 
and 40% level of prestress) were pre-cracked at the first level and the rest of specimens were pre-
cracked at the second level of the damage. 
Details of the number and the level of the prestress in RC slabs of each series are indicated in      
Table 4.2. 
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Table 4.2 - Number of specimens and level of the prestress in each series of RC slabs. 
Series 
Reference slab 
(without CFRP) 
0% 
prestressed 
20% 
prestressed 
30% 
prestressed 
40% 
prestressed 
50% 
prestressed 
Total 
I 1 1 1 1 1 1 6 
II 1 1 1 - 1 - 4 
III 1 1 1 - 1 - 4 
IV - 2 2 - 2 - 6 
Total 3 5 5 1 5 1 20 
 
Figure 4.2 shows details of the steel reinforcements of the slabs (see also Figure 4.1). In each 
specimen two strain gauges were installed in two longitudinal tensile bars according to Figure 4.2. 
Furthermore, it is possible to see in the Figure 4.2, the kind of spacer adopted in order to obtain the 
defined concrete clear cover of the longitudinal tensile bars (31 mm).  
 
Figure 4.2 - Detail of the steel reinforcements, instrumentation of the longitudinal tensile bars with two strain 
gauges and identification of the adopted spacer. 
Figure 4.3 shows molds after introduction of steel reinforcements in the RC slabs. In order to evaluate 
the properties of the concrete of the RC slabs, twelve cylindrical concrete specimens, of 150 mm 
diameter and 300 mm depth, were also cast. Detail of molds of these cylindrical specimens is also 
indicated in the Figure 4.3. As Table 4.1 shows, sixteen RC slabs had concrete with compressive 
strength of 40 MPa and four RC slabs of series III had compressive strength of 15 MPa and therefore 
casting was done in two steps for two concrete classes. The casting of the RC slabs with concrete 
compressive strength of 40 MPa is indicated in Figure 4.4. Detail of the mold and casting of the RC 
slabs of series III are indicated in Figure 4.5. When concrete was hardened (after period of curing the 
concrete), the molds of the cylindrical specimens and the RC slabs were removed (Figure 4.6) and the 
specimens were maintained up to 28 days. 
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Figure 4.3 - Details of the molds after the introduction of the steel reinforcements and the molds of the 
cylindrical specimens. 
 
Figure 4.4 - Casting of the RC slabs with concrete compressive strength of 40 MPa. 
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a) Details of the molds and steel reinforcements 
               
b) Casting the specimens 
Figure 4.5 - a) Details of the molds and steel reinforcements; b) Casting of the RC slabs with concrete 
compressive strength 15 MPa (Series III). 
 
          
Figure 4.6 - The RC slabs of the experimental research after removing the molds. 
Series III 
Series III 
Series III 
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4.2 - MATERIALS CHARACTERIZATION 
The concrete compressive strength and the elasticity modulus was evaluated at the age of the slab 
tests, carrying out direct compression tests with cylinders of 150 mm diameter and 300 mm height, 
according to EN 206-1 (2000) and LNEC E397 (1993). Figure 4.7 shows some photos during the 
testing of the concrete and typical failure mode of the specimens after the test until failure. Table 4.3 
indicates the average values of the concrete properties. 
 
       
(a)                             (b)  
Figure 4.7 - Evaluation of the concrete properties: a) elasticity modulus; and b) compressive strength. 
 
Table 4.3 - Average values of the properties of the concrete. 
Series fcm (Compressive strength) (MPa) Ecm (Elasticity modulus) (MPa) 
I, II and IV 40.0 (1.3)
1 
32.6 (1.7)
1
 
III 15.0 (0.5)
1 
25.0 (2.3)
1
 
(1) Value in parentheses is the standard deviation. 
According to Figure 4.8, in the tested RC slabs, high bond steel bars of 6, 8 and 10 mm diameter were 
used. The values of their main tensile properties were obtained from uniaxial tensile tests performed 
according to the recommendations of EN 10002-1 (1990). Figure 4.8 shows some photos during the 
uniaxial tensile tests and the failure mode of the specimens. Table 4.4 indicates the average values of 
the steel properties. 
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(a)                  (b) 
Figure 4.8 - Evaluation of the steel reinforcement properties: a) before testing; and b) after testing. 
 
Table 4.4 - Average values of the properties of the steel reinforcements. 
Series 
6 8 10 
 fsym
(1)
 (MPa) fsum
(1)
 (MPa) fsym
(1)
 (MPa) fsum
(1)
 (MPa) fsym
(1)
 (MPa) fsum
(1)
 (MPa) 
I, III and IV  527.6 (18.5)
(2) 
651.4 (19.8)
 (2) 
556.4 (18.6)
 (2) 
679.9 (9.9)
 (2) 
- - 
II 527.6 (18.5)
 (2) 
651.4 (19.8)
 (2) 
- - 548.4 (7.7)
 (2) 
670 (5.6)
 (2) 
(1) fsym: Yield stress,  fsum: Maximum stress 
(2) Value in parentheses is the standard deviation. 
 
The CFRP laminates used in the extensive experimental research (CFK 150/2000 S&P laminates) 
was provided in two rolls (A and B), each one with 150 m of length, and was produced by S&P® 
Clever Reinforcement Company (Figure 4.9). The tensile properties of these laminates were 
characterized by uniaxial tensile tests carried out according to ISO 527-5 (1997). Shape and 
dimensions of specimens is indicated in Figure 4.10. Table 4.5 includes the average values of the 
CFRP laminates' properties for each roll. Regarding this table, the properties of the CFRP materials in 
the both rolls are similar.  Figure 4.11 indicates some photos during the testing of the laminates and 
also typical failure mode of the specimens after the test until failure.  
Table 4.5 – Average values of the properties of the CFRP laminate.  
 
Series 
ffum 
(Tensile strength) 
(MPa) 
Efm 
(Elasticity modulus) 
(GPa) 
εfu 
(Maximum strain) 
(‰) 
Roll-A (Series I, II  and III) 2770.1 (116.1)
 (1) 
175.7 (7.1)
 (1) 
15.8 (0.4)
 (1) 
Roll-B (Series IV) 2733.5 (124.1)
 (1) 
178.6 (10.0)
 (1) 
15.4 (1.1)
 (1) 
(1) Value in parentheses is the standard deviation. 
 
 
Ø 8 
Ø 6 
Ø 10 
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Figure 4.9 - CFRP laminate packaging, roll of 150 m length. 
        
Figure 4.10 - Test specimen shape and dimensions. 
      
                (a)                 (b) 
Figure 4.11 - Evaluation of the CFRP laminate' properties: a) before testing; and b) after testing. 
 
50 mm 150 mm 50 mm
20 mm
1.4 mm3x1.4 mm
CFRP laminate Tab
Roll-A 
Roll-B 
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S&P Resin 220 epoxy adhesive was used to bond the CFRP laminates to the concrete substrate. The 
instantaneous and long term tensile behavior of this adhesive was investigated by Costa and Barros 
(2013). At 3 days, at which the elasticity modulus (E0.5~2.5‰) had attained a stabilized value, the 
tensile strength and the E0.5~2.5‰, determined according to the ISO 527-2 recommendations           
(ISO 527-2, 1993), was about 20 MPa and 7 GPa, respectively. 
4.3 - INFLUENCE OF THE PRESTRESS LEVEL (SERIES I) 
To specifically evaluate the influence of the prestress level in CFRP laminates using the NSM 
technique for the flexural strengthening of RC slabs with concrete compressive strength around       
40 MPa  (see Table 4.1), series I of tests was carried out considering four levels of prestress (20%, 
30%, 40% and 50% of the ultimate tensile strength of the CFRP laminates). The series I of tests is 
described in detail, the results obtained are presented and discussed, and relevant conclusions are 
extracted. 
4.3.1 - Series I of tests 
According to Table 4.1 and Figure 4.1, series I was composed of six RC slabs. Figure 4.12 represents 
the geometry, the reinforcement arrangements, the loading configuration and the support conditions 
for the RC slabs of the series I. The general information of the six tested RC slabs of the series I is 
represented in Table 4.6. SREF represents the reference slab without CFRP, and the S2L-0, S2L-20, 
S2L-30, S2L-40 and S2L-50 slabs are those flexurally strengthened using two NSM CFRP laminates 
(Figure 4.13) with the following respective prestress level of the ultimate tensile strength of the CFRP 
laminates: 0% (S2L-0), 20% (S2L-20), 30% (S2L-30), 40% (S2L-40) and 50% (S2L-50). Table 4.6 
shows that the tested slabs had a percentage of longitudinal tensile steel bars (sl) of about 0.39%, 
while the CFRP strengthening percentage (f) was approximately 0.085%. 
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Figure 4.12 - General information about the tested RC slabs of the series I (Dimensions in mm). 
                 
Table 4.6 - General information of the tested RC slabs of the series I. 
Slab 
ρsl 
(%)  
NSM CFRP flexural strengthening 
Level of prestress (%) 
Quantity 
ρf 
(%)  
SREF 
0.394 
(48) 
- - - 
S2L-0 
2 CFRP laminates with 1.4×20 
mm
2
 of cross section 
(Af = 2×1.4×20 = 56 mm
2
) 
0.085 
0 
S2L-20 20 
S2L-30 30 
S2L-40 40 
S2L-50 50 
 
   
Figure 4.13 - Cross-section of the RC slabs strengthened with NSM CFRP laminates of the series I 
(Dimensions in mm).  
The four point slab bending tests (Figure 4.14) were executed under displacement control at a 
deflection rate of 0.02 mm/second. All slabs were instrumented to measure the applied load, 
deflections and strains in the CFRP laminates and longitudinal tensile steel reinforcement. The 
arrangement of the LVDTs (linear variable displacement transducers), and the location of strain 
gauges (SG) in the monitored longitudinal tensile bars and in the NSM CFRP laminates are indicated 
in Figure 4.15. The deflection of the slabs was measured by five displacement transducers (LVDT 1 
to LVDT 5) according to the arrangement indicated in Figure 4.15-a. To evaluate the strains on the 
600 mm
F/2 F/2
100 900 600 900 100
2600
3 6
4 8
(Concrete cover of the
longitudinal steel bars)
 6@300
30 180 180 180 30
31ds=85
120
(Concrete cover of the
longitudinal steel bars)
150 300 150
(2 NSM CFRP Laminates)
 6@300
31df=110
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steel bars, two strain gauges were installed (Figure 4.15-b) on the two bottom longitudinal steel bars 
(SG-S1 and SG-S2). Unfortunately in the series I of slabs, the strain gauges of steel bars did not 
work. To evaluate the strains on the CFRP laminates in the non-prestressed slab (S2L-0), three strain 
gauges were installed on the two CFRP laminates (SG-L1 to SG-L3) according to the scheme 
represented in Figure 4.15-c, while in the prestressed slabs (S2L-20, S2L-30, S2L-40 and S2L-50) the 
disposition of the five strain gauges (SG-L1 to SG-L5) applied on the two CFRP laminates is 
indicated in Figure 4.15-d (the SG-L4 and SG-L5 strain gauges were installed near the end of the 
CFRP laminates to determine prestress loss). 
 
  
Figure 4.14 - Test setup. 
According to Figure 4.15-c, the length of the laminates in S2L-0 slab was 2300 mm. For the RC slabs 
flexurally strengthened with prestressed laminates the slits were executed along the total length of the 
slab, but the extremities of the laminates were not bonded to the concrete in a length of 150 mm in 
order to provide the same bond length adopted in the S2L-0 slab. This strategy used in all series of 
the extensive experimental research for strengthened slabs. 
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 a) 
 
b) Bottom view: Showing only the longitudinal tensile bars 
`  
  c) Bottom view: Showing only two CFRP laminates in non-prestressed slab 
 
d) Bottom view: Showing only two CFRP laminates in prestressed slabs 
Figure 4.15 - Positions of the: a) displacement transducers (LVDTs); b) strain gauges in the monitored 
longitudinal tensile bars; c) strain gauges in the NSM CFRP laminates of non-prestressed slab; and d) strain 
gauges in the NSM CFRP laminates of prestressed slabs (Dimensions in mm). 
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Application of the passive CFRP laminates using NSM technique were executed based on the method 
explained in section 3.2.1 and application of the prestress NSM CFRP laminates was also executed 
based on the section 3.2.2. 
4.3.2 - Experimental results and discussion (Series I) 
4.3.2.1 - Load carrying capacity of the tested slabs 
Eq. 4.1 was applied to calculate the load (F), considering some existing variations in the width (b) 
and height (h) of the tested slabs: 
   
 3
3120600
realreal
Test
hb
FF


                                                             (4.1) 
where 𝐹𝑇𝑒𝑠𝑡  is the value of the recorded load during the test of the slabs, 𝑏𝑟𝑒𝑎𝑙  is the average value, 
in mm, of the width of the slabs and ℎ𝑟𝑒𝑎𝑙  is the average value, in mm, of the height’s cross section 
of the slabs, both measured in five sections of each slab. The values of 600 and 120 are the theoretical 
values of width (b = 600 mm) and height (h = 120 mm) of slab’s cross section, respectively      
(Figure 4.2). This equation is valid for linear elastic stage. For the elasto-cracked stage the parcel 
    33600 120 real realb h   would be replaced by    exp realEI EI , where  expEI  and  realEI  are 
the flexural stiffness of the expected (exp) and real slab cross section dimensions. However, the 
implementation of this approach requires relatively large numerical calculations, which is not 
justified since the main influence on the force-deflection relationship between slabs is caused by the 
different depth of the cross section. 
Figure 4.16 shows the relationship between the applied load (considering the application of Eq. 4.1) 
and the deflection at mid-span, F-u, for the six tested RC slabs of the series I. This figure shows that 
the experimental load vs. deflection curve of the slabs has three important phases: up to concrete 
cracking initiation; between concrete cracking and yield initiation of the steel reinforcement; and 
between steel yield initiation and ultimate load. As expected, the un-strengthened control slab 
behaved in an almost plastic manner in the third phase. The almost linear behavior of the third phase 
of strengthened slabs is due to the contribution of the CFRP, since the laminates have linear behavior, 
while steel reinforcement is in a plastic stage and cracked concrete is too damaged. In fact, above the 
deflection corresponding to yield initiation, the load carrying capacity of the strengthened slabs has 
increased up to the occurrence of CFRP rupture, after which the load dropped to that of the control 
slab. Regardless of the prestress level of the laminates (0%, 20%, 30%, 40% and 50%), the adopted 
Prestressed NSM CFRP Laminates Technique for the Flexural Strengthening of RC slabs: An Extensive Experimental Research             75 
 
CFRP configuration provided an increase in the load carrying capacity of slabs at serviceability and 
ultimate limit states. 
Table 4.7 shows the summary of the results of the tested RC slabs of the series I in terms of cracking 
(Fcr), service (Fserv), yielding (Fsy) and maximum (Fmax) load (see also Figure 4.16) (the values of 
loads are results of the application of Eq. 4.1). The values of the deflection at mid-span for the loads 
Fsy (uFsy) and Fmax (uFmax) are also indicated in Table 4.7. The service load (Fserv) is the one 
corresponding to the maximum allowed deflection for serviceability limit states (uFserv), which 
according to the Eurocode 2 is l/250, where l is the slab span length (l/250 = 2400 mm/250 = 9.6 
mm). The yielding load is herein defined as the load at which a considerable decay of stiffness has 
occurred during the cracking phase propagation (see Figure 4.16). 
 
Figure 4.16 - Load vs. deflection at mid-span of the tested RC slabs (Series I). 
Table 4.7 - Summary of the results in terms of loads and deflections (Series I).   
Slab  
Cracking Service Yielding Maximum 
Fcr 
(kN) 
Fserv 
(kN) 
Fsy 
(kN) 
uFsy 
(mm) 
Fmax 
(kN) 
uFmax 
(mm) 
SREF 10. 7 13.8 22.4 24.3 26.3 81.1 
S2L-0 11.2 17.2 32.4 28.3 56.5 89. 8 
S2L-20 14.4 24.3 42.7 29.1 60.1 65.4 
S2L-30 17.4 26.2 43.7 29.4 57.3 57.6 
S2L-40 20.2 30. 9 48.1 27.4 60.1 50.3 
S2L-50 23.5 34.5 52.1 26.6 61.1 42.5 
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Strengthening the RC slabs with NSM CFRP laminates resulted in higher cracking loads than the Fcr 
of the reference slab. The Fcr has increased with the prestress level (the values of Fcr of reference, 
non-prestressed, 20%, 30%, 40% and 50% prestressed slabs are, respectively, 10.7 kN, 11.2 kN,   
14.4 kN, 17.4 kN, 20.2 kN and 23.5 kN). Based on Table 4.7, the values of service load (Fserv) of the 
reference, non-prestressed, 20%, 30%, 40%  and 50% prestressed slabs are, respectively, 13.8 kN, 
17.2 kN, 24.3 kN, 26.2 kN, 30.9 kN and 34.5 kN, which evidence the benefits of applying the CFRP 
laminates with a certain prestress. Strengthening the RC slabs with NSM CFRP laminates resulted 
also in higher yielding loads than the Fsy of the reference slab. As occurred in terms of Fcr and Fserv, 
the Fsy has increased with the prestress level (the values of Fsy of the reference, non-prestressed, 20%, 
30%, 40% and 50% prestressed slabs are, respectively, 22.4 kN, 32.4 kN, 42.7 kN, 43.7 kN, 48.1 kN 
and 52.1 kN). The values of maximum load of strengthened slabs ranged between 56.5 kN and     
61.1 kN, which is 2.2 and 2.3 times higher the maximum load of the reference slab (26.3 kN). 
Since the load at crack initiation increases with the prestress level, and considering the stiffness and 
load amplitude between crack initiation and yield initiation does not change significantly with the 
prestress level, the deflection at yield initiation (uFsy) remains similar regardless of the prestress level 
(the values of uFsy of strengthened slabs ranged between 26.6 mm and 29.4 mm). By increasing the 
prestress level, larger initial strains are introduced in the CFRP laminates. Due to this fact, and 
considering that the CFRP has ruptured at maximum load, the slab’s deflection has decreased with 
the prestress level (the values of uFmax in the non-prestressed, 20%, 30%, 40% and 50% prestressed 
slabs are, respectively, 89.8 mm, 65.4 mm, 57.6 mm, 50.3 mm and 42.5 mm). 
4.3.2.2 - Crack pattern and failure modes 
Figure 4.17 shows the final crack pattern of the tested RC slabs of the series I. The first cracks 
occurred in the pure bending zone (between the loaded sections). Under further increase in the load, 
the cracks became wider and news cracks started to initiate in the shear span of the slabs. By 
strengthening RC slabs with NSM CFRP laminates, the average distance between cracks decreased. 
In fact, the values of the average distance between cracks are 145 mm, 89 mm, 87.7 mm, 85 mm,    
83 mm and 80 mm for the slabs, respectively, SREF, S2L-0, S2L-20, S2L-30, S2L-40 and S2L-50. 
During the tests of the RC slabs until the failure it was possible to observe that the cracks width have 
decreased by strengthening RC slabs with NSM CFRP laminates. From the comparison of the final 
crack pattern of the NSM slabs, it is possible to conclude that the length of the slab’s cracked band 
has decreased with the increase of the prestress level due to the initial compressive strain field 
introduced by the prestress. In fact the values of the slab’s cracked band are 1452 mm, 1779 mm, 
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1579 mm, 1478 mm, 1333 mm and 1284 mm for the slabs, respectively, SREF, S2L-0, S2L-20,   
S2L-30, S2L-40 and S2L-50.  
 
 
Non-strengthened RC slab (SREF slab) 
 
 
RC slab strengthened with non-prestressed CFRP laminates (S2L-0 slab) 
 
 
RC slab strengthened with prestressed CFRP laminates - 20% (S2L-20 slab) 
 
 
RC slab strengthened with prestressed CFRP laminates - 30% (S2L-30 slab) 
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RC slab strengthened with prestressed CFRP laminates - 40% (S2L-40 slab) 
\  
 
RC slab strengthened with prestressed CFRP laminates - 50% (S2L-50 slab) 
Figure 4.17 - Crack patterns of the tested RC slabs of the series I. 
                                
a) Concrete crushing and tensile rupture of a steel bar in the reference RC slab 
     
b) Rupture of the CFRP in the slabs strengthened with NSM CFRP laminates 
Figure 4.18 - Failure modes of the tested RC slabs of the series I. 
Two types of failure modes occurred in the tested RC slabs of the series I (see Figure 4.18): 1) the 
reference slab failed by the concrete crushing after the yielding of the tensile steel reinforcements. In 
this slab, at mid-span deflection of 107 mm (Figure 4.16) a longitudinal steel bar has ruptured (see 
Rupture of 
the CFRP 
Concrete 
crushing 
Rupture of 
the steel bar 
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Figure 4.18-a); 2) the NSM strengthened slabs failed by the rupture of the CFRP (see Figure 4.18-b) 
after the yielding of the tensile steel reinforcements.  
4.3.2.3 - Strains in CFRP laminates 
The maximum strain values recorded in the strain gauges installed in the CFRP laminates up to the 
maximum load (Fmax) of the slabs are indicated in the column “Total” of the Table 4.8. Each of these 
values is the addition of the strain at the end of the prestress phase (column “Prestressing”) with the 
maximum strain registered in the loading phase of the slab up to its Fmax (column “Test”). The 
maximum values of strain measured in the CFRP laminates (column “Total”), namely in SG-L1 
(slabs S2L-0 and S2L-40) and SG-L2 (slabs S2L-20, S2L-30 and S2L-50), are quite close to the 
ultimate tensile strain of the CFRP, justifying the failure mode of these strengthened slabs and the 
high effectiveness of the NSM technique for the flexural strengthening of RC slabs.  
Table 4.8 - Maximum strain values recorded in CFRP laminates’ strain gauges up to the maximum load of the 
slabs (Series I). 
 
Slab  
SG-L1 (‰) SG-L2 (‰) SG-L3 (‰) 
Prestressing Test Total Prestressing Test Total Prestressing Test Total 
S2L-0 0.0 15.1 15.1 0.0 14.9 14.9 0.0 5.7 5.7 
S2L-20 3.0 11.1 14.1 3.0 12.2 15.2 3.0 4.8 7.8 
S2L-30 4.5 9. 7 14.2 4.5 10.3 14.8 4.5 2.7 7.2 
S2L-40 6.0 9. 6 15.5 5.9 9.0 14.9 6.1 2.1 8.2 
S2L-50 7.5 8.0 15.5 7.5 8.4 15.9 7.4 2.0 9.4 
 
Figure 4.19 shows the relationship between the applied load and the strain in the SG-L1, SG-L2 and 
SG-L3 strain gauges (Figure 4.14). The initial strain of CFRP laminates in 0%, 20%, 30%, 40% and 
50% prestressed slabs is indicated in Table 4.6. According to the Figure 4.19, the load-CFRP strain 
curves of the slabs have a common configuration formed by the three phases already mentioned in the 
analysis of the Figure 4.16: 1) until concrete cracking with an almost null variation; 2) between 
concrete cracking and yield initiation of the steel reinforcement, where the strain has increased with 
the load; 3) and between steel yield initiation and ultimate load, with an almost equal strain gradient 
in all the slabs, which is more pronounced than in the previous phase, due to the plastic stage of the 
steel reinforcement. 
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                                       a)                                                                               b) 
                 
   c) 
Figure 4.19 - Load vs. strain in CFRP laminates (series I): a) SG-L1; b) SG-L2; and c) SG-L3. 
4.3.2.4 - Effect of the prestress 
To evaluate the effect of the prestress level of the CFRP laminates on the overall flexural behavior of 
RC slabs, the values of loads ( Str
cr
F , StrservF , 
Str
sy
F  and StrmaxF ) and corresponding deflection to 
Str
maxF  (
Str
Fmax
u ) 
of the strengthened prestressed slabs are compared in Table 4.9 with those corresponding values of 
the reference slab ( Ref
cr
F , Ref
serv
F , Ref
sy
F , Ref
max
F and RefFmaxu ). By considering these values, the parameters
Ref
crcr FFΔ , 
fRe
serserv FFΔ , 
Ref
sysy FFΔ , 
Ref
maxmax FFΔ  and 
Ref
FF maxmax
uuΔ  were evaluated and included in        
Table 4.9, where Refcr
Str
crcr FFF Δ , 
Ref
serv
Str
servserv FFF Δ , 
Ref
sy
Str
sysy FFF Δ , 
Ref
max
Str
maxmax FFF Δ  and
Ref
F
Str
FF maxmaxmax
uuu Δ . The results obtained evidence that applying a prestress level of 0%, 20%, 30%, 
40% and 50% in the CFRP laminates has provided an increase of, respectively, 5.1%, 35.0%, 63.0%, 
89.2% and 120.0% in cracking load, an increase of, respectively, 24.9%, 75.8%, 89.9%, 123.8% and 
149.7% in service load, an increase of, respectively, 44.6%, 90.4%, 95.1%, 114.7% and 132.7% in 
yielding load, and an increase of, respectively, 115.1%, 129.0%, 118.2%, 128.7% and 132.8% in 
maximum load. However, the maximum deflection has increased in 10.8% for the prestress level of 
0%, while it has decreased in 19.3%, 28.9%, 37.9% and 47.5% by applying a prestress level of, 
respectively, 20%, 30%, 40% and 50%. Nonetheless, at uFmax all the prestressed slabs had already 
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experienced a large incursion on the plastic stage of the steel reinforcement, therefore the level of 
ductility is still significantly high in the prestressed slabs. 
Table 4.9 - Performance of the NSM technique by considering relevant results of the strengthened and 
reference slabs (Effect of the prestress - Series I). 
Slab 
Ref
crcr FFΔ  
(%) 
Ref
servserv FFΔ  
(%) 
     Refsysy FFΔ  
(%) 
Ref
maxmax FFΔ  
(%) 
Ref
FF maxmax
uuΔ  
(%) 
S2L-0 5.1 24.9 44.6 115.1 10.8 
S2L-20 35.0 75.8 90.4 129.0 -19.3 
S2L-30 63.0 89.9 95.1 118.2 -28.9 
S2L-40 89.2 123.8 114.7 128.7 -37.9 
S2L-50 120.0 149.7 132.7 132.8 -47.5 
 
Figure 4.20-a shows the effect of increasing the prestress level on the cracking, service, yielding and 
maximum loads with respect to the corresponding load values in the reference slab, SREF, and in the 
non-prestressed strengthened slab, S2L-0. This figure clearly evidences the pronounced favorable 
effect of the prestress level in terms of load carrying capacity of RC slabs at cracking, serviceability 
and at yield initiation stages, while the increase of maximum load was not significantly affected by 
the prestress level adopted. 
Figure 4.20-b represents the effect of increasing the prestress level on the deflection at yielding and 
ultimate loads. When compared to the corresponding values recorded in the SREF and S2L-0 slabs, it 
is verified a significant decrease of ultimate deflection with the increase of the prestress level, but the 
yielding deflection was not considerably affected by the prestress level. 
        
                                a)   b) 
Figure 4.20 - Effect of the prestress level on: a) cracking, service, yielding and ultimate loads; and b) yielding 
and ultimate deflection (Series I). 
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Figure 4.21 shows the relation between the prestress level and the normalized value of energy 
consumed during the loading process of the slabs up to the uFmax (deflection at mid-span for the loads 
Fmax - Table 4.7). This energy concept was calculated for each tested RC slab as the area under the 
load-deflection curve. The above mentioned normalized value of energy was obtained for two cases: 
the ratio between the energy of the strengthened RC slab and the energy of the reference RC slab 
(SREF) and the ratio between the energy of the prestressed strengthened RC slab and the energy of 
the non-prestressed strengthened RC slab (S2L-0). In both cases an almost linear decrease of the 
energy consumed was observed with the increase of the prestress level.  
 
Figure 4.21 - Effect of increasing the prestress level on the ductility of the RC slabs of the series I. 
4.3.3 - Conclusions 
In series I of tests the influence of the prestress level on the effectiveness of the NSM technique with 
prestressed CFRP laminates was assessed. From the experimental results obtained it can be concluded 
that: 
 Regardless of the prestress level of the CFRP laminates adopted in the tests of series I (0%, 20%, 
30%, 40% and 50% of the ultimate tensile strength of the CFRP laminates), the NSM technique 
with CFRP laminates is highly effective for the flexural strengthening of RC slabs. In fact, the 
adopted CFRP flexural strengthening configuration has provided an increase in terms of maximum 
load that ranged between 115% and 133% of the maximum load of the reference RC slab. 
 Strengthening RC slabs with prestressed NSM CFRP laminates resulted in a significant increase of 
load carrying capacity at serviceability and ultimate limit states. By applying a 20% prestress level 
in the NSM CFRP laminates, the cracking, service and ultimate loads increased by 35%, 76% and 
129%, respectively, when compared to the corresponding values of the reference slab. A 30% 
prestress level provided and increase of 63%, 90% and 118%, respectively; a 40% prestress level 
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ensured an increase of 89%, 124% and 129%, respectively; and a 50% prestress level resulted an 
increase of 120%, 150% and 133%, respectively. Similarly to that which occurred in terms of the 
cracking load and service load, the load carrying capacity corresponding to the steel yield 
initiation (yield load) has a tendency to increase with the prestress level: by applying NSM CFRP 
laminates at 20%, 30%, 40% and 50%, the yield load increased 90%, 95%, 115% and 133%, 
respectively.  
 By increasing the prestress level in the NSM CFRP laminates, the overall flexural behavior of the 
slabs at service condition was improved, but the deflection at the maximum load of the slabs 
decreased with the increase of the prestress level. However, the deflection at maximum load was 
more than 1.6 times the deflection at yield initiation, with significant plastic incursion of the steel 
reinforcement, which assures the required level of deflection ductility for this type of RC 
structures. 
 Regardless of the prestress level applied to the CFRP laminates, all the strengthened slabs failed 
by rupture of the laminates after yielding of the tension steel reinforcement. This failure mode 
proved the high effectiveness of the NSM technique for the flexural strengthening of RC slabs. 
4.4 - INFLUENCE OF THE PERCENTAGE OF EXISTING STEEL REINFORCEMENT 
(SERIES II)  
To specifically evaluate the influence of the percentage of the longitudinal tensile reinforcement on 
the effectiveness of the NSM technique with prestressed CFRP laminates for the flexural 
strengthening of RC slabs, series II of tests was carried out. Four RC slabs were tested, a reference 
slab (without CFRP), and three slabs flexurally strengthened using NSM CFRP laminates with 
different prestress levels of the ultimate tensile strength of the CFRP: 0%, 20% and 40%. In this 
series the longitudinal steel reinforcement in the tension zone consisted of 4 bars of 10 mm diameter 
(410). The compressive strength of the concrete in this series was around 40MPa (see Table 4.1). 
The series II of tests is outlined and the results of the tests are presented and discussed and a number 
of conclusions are drawn. 
4.4.1 - Series II of tests 
According to Table 4.1 and Figure 4.1, series II was composed of four RC slabs. Figure 4.22 
represents the geometry, the reinforcement arrangements, the loading configuration and the support 
conditions for the RC slabs of the series II. The general information of the four tested RC slabs of the 
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series II is represented in Table 4.10. SREF represents the reference slab without CFRP, and the S2L-
0, S2L-20 and S2L-40 slabs are those flexurally strengthened using two NSM CFRP laminates 
(Figure 4.13) with the following respective prestress level of the ultimate tensile strength of the CFRP 
laminates: 0% (S2L-0), 20% (S2L-20) and 40% (S2L-40). Table 4.10 shows that the tested slabs have 
a percentage of longitudinal tensile steel bars (sl) of about 0.62%, while the CFRP strengthening 
percentage (f) is approximately 0.085%.  The only difference between these four slabs and the slabs 
of the series I (reference slab and slabs with 0%, 20% and 40% of prestress in the CFRP laminates) 
was the amount of the tensile steel reinforcements. In fact, 410 was used as tensile steel 
reinforcements in the slabs of the series II (instead of 48 in series I of slabs).  
 
Figure 4.22 - General information about the tested RC slabs of the series II (Dimensions in mm). 
      Table 4.10 - General information of the tested RC slabs of the series II. 
Slab 
ρsl 
(%)  
NSM CFRP flexural strengthening 
Level of prestress (%) 
Quantity 
ρf 
(%) 
SREF 
0.623 
(410) 
- - - 
S2L-0 2 CFRP laminates with 1.4×20 mm
2
 
of cross section 
(Af = 2×1.4×20 = 56 mm
2
) 
0.085 
0 
S2L-20 20 
S2L-40 40 
 
Like as occurred in series I of tests (Figure 4.14), the four point slab bending tests were executed 
under displacement control at a deflection rate of 0.02 mm/second. All slabs were instrumented to 
measure the applied load, deflections and strains in the CFRP laminates and longitudinal tensile steel 
reinforcement. The deflection of the slabs was measured by five displacement transducers (LVDT 1 
to LVDT 5) according to the arrangement indicated in Figure 4.15-a. To evaluate the strains on the 
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steel bars, two strain gauges were installed (Figure 4.15-b) on the two bottom longitudinal steel bars 
(SG-S1 and SG-S2). In the non-prestressed slab (S2L-0), three strain gauges were installed on the two 
CFRP laminates (SG-L1 to SG-L3) according to the scheme represented in Figure 4.15-c, while in the 
prestressed slabs (S2L-20 and S2L-40) the disposition of the six strain gauges (SG-L1 to SG-L6) 
applied on the two CFRP laminates is indicated in Figure 4.23 (the SG-L4 to SG-L6 strain gauges 
were installed near the end of the CFRP laminates to determine prestress loss). 
Application of the passive CFRP laminates using NSM technique was executed based on the method 
explained in section 3.2.1 and application of the prestress NSM CFRP laminates was also executed 
based on the section 3.2.2. 
 
Bottom view: Showing only two CFRP laminates in prestressed slabs 
Figure 4.23 - Positions of the strain gauges in the NSM CFRP laminates of prestressed slabs in series II 
(Dimensions in mm). 
4.4.2 - Experimental results and discussion (Series II) 
4.4.2.1 - Load carrying capacity of the tested slabs 
Figure 4.24 shows the relationship between the applied load and the deflection at mid-span, F-u, for 
the four tested RC slabs of the series II. As occurred in the behavior of the slabs of the series I,    
Figure 4.24 shows that the experimental load-deflection curve of the slabs has three important phases: 
up to concrete cracking; between concrete cracking and yield initiation of the steel reinforcement; and 
between steel yield initiation and ultimate load. The un-strengthened control slab behaved in a plastic 
manner in the third phase. Above the deflection corresponding to yield initiation, the load carrying 
capacity of the strengthened slabs has increased linearly up to the CFRP rupture (linear behavior of 
the CFRP), after which the load dropped to that of the control slab. Regardless of the prestress level 
of the laminates (0%, 20% and 40%), the adopted CFRP configuration provided an increase in the 
slab’s load carrying capacity at serviceability and ultimate limit states. 
Support line Load line Load line Support line
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Figure 4.24 - Load vs. deflection at mid-span of the tested RC slabs (Series II). 
Table 4.11 shows the summary of the results of the tested RC slabs of the series II in terms of 
cracking (Fcr), service (Fserv.), yielding (Fsy) and maximum (Fmax) load (see also Figure 4.24). The 
values of the deflection at mid-span for the loads Fsy (uFsy.) and Fmax (uFmax) are also indicated in 
Table 4.11.  
Table 4.11 - Summary of the results in terms of loads and deflections (Series II). 
Slab  
Cracking Service Yielding Maximum 
Fcr 
(kN) 
Fserv. 
(kN) 
Fsy 
(kN) 
uFsy 
(mm) 
Fmax 
(kN) 
uFmax 
(mm) 
SREF 9.7 18.2 35.8 27.5 43.5 97.0 
S2L-0 9.7 19.9 42.9 30.5 71.1 92.8 
S2L-20 15.3 25.8 50.0 31. 5 69.0 71.2 
S2L-40 21.2 32.6 60.0 31.4 71.4 51.3 
 
Strengthening the RC slabs with NSM CFRP laminates resulted in higher cracking loads than the Fcr 
of the reference slab. The Fcr has increased with the prestress level (the values of Fcr of reference, 
non-prestressed, 20% and 40% prestressed slabs are respectively, 9.7 kN, 9.7 kN, 15.3 kN and      
21.2 kN). Based on Table 4.11, the values of service load of reference, non-prestressed, 20% and 
40% prestressed slabs are respectively, 18.2 kN, 19.9 kN, 25.8 kN and 32.6 kN, which evidence the 
benefits of applying the CFRP laminates with a certain prestress. As occurred in terms of Fcr and 
Fserv, the Fsy has increased with the prestress level (the values of Fsy of reference, non-prestressed, 
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20% and 40% prestressed slabs are, respectively, 35.8 kN, 42.9 kN, 50.0 kN and 60.0 kN). The 
values of maximum load of strengthened slabs ranged between 68.9 kN and 71.4 kN, which is around 
1.6 times higher than the maximum load of the reference slab (43.5 kN).  
Since the load at crack initiation increases with the prestress level, and considering the stiffness and 
load amplitude between crack initiation and yield initiation does not change significantly with the 
prestress level, the deflection at yield initiation (uFsy)  remains similar regardless of the prestress level 
(the values of uFsy of strengthened slabs ranged between 30.5 mm and 31.5 mm). By increasing the 
prestress level, larger initial strains are introduced in the CFRP laminates. Due to this fact, and 
considering the CFRP has ruptured at the maximum load, the slab’s deflection has decreased with the 
prestress level (the values of uFmax in the non-prestressed, 20% and 40% prestressed slabs are, 
respectively, 92.8 mm, 71.2 mm and 51.3 mm).   
4.4.2.2 - Crack pattern and failure modes 
Figure 4.25 shows the final crack pattern of the tested RC slabs of the series II. The first cracks 
occurred in the pure bending zone (between the loaded sections). Under further increase in the load, 
the cracks became wider and new cracks started to initiate in the shear span of the slabs. By 
strengthening RC slabs with NSM CFRP laminates, the average distance between cracks decreased. 
In fact the values of the average distance between cracks are 111 mm, 86 mm, 84 mm and 84 mm, 
respectively for the slabs SREF, S2L-0, S2L-20 and S2L-40. Similarly to that which occurred in the 
series I, during the tests of the RC slabs until the failure it was possible to observe that the cracks 
width have decreased by strengthening RC slabs with NSM CFRP laminates. When the final crack 
pattern of the NSM slabs is compared, it is possible to conclude that the length of the slab’s cracked 
band has decreased with the increase of the prestress level due to the initial compressive strain field 
introduced by the prestress. In fact the values of the slab’s cracked band are 1776 mm, 1892 mm, 
1681 mm and 1554 mm, respectively for the slabs SREF, S2L-0, S2L-20 and S2L-40.  
Two types of failure modes occurred in the tested RC slabs of the series II: 1) the reference slab failed 
by the concrete crushing after the yielding of the tensile steel reinforcements (see Figure 4.26-a). In 
this slab, at mid-span deflection of 119 mm (Figure 4.24) a longitudinal steel bar has ruptured (see 
Figure 4.26-a); 2) the strengthened slabs failed by the rupture of the CFRP (see Figure 4.26-b) after 
the yielding of the tensile steel reinforcements.  
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Non-strengthened RC slab (SREF slab) 
 
 
RC slab strengthened with non-prestressed CFRP laminates (S2L-0 slab) 
 
 
RC slab strengthened with prestressed CFRP laminates - 20% (S2L-20 slab) 
 
 
RC slab strengthened with prestressed CFRP laminates - 40% (S2L-40 slab) 
Figure 4.25 - Crack patterns of the tested RC slabs of the series II. 
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a) Concrete crushing and tensile rupture of a steel bar in the reference RC slab 
  
b) Rupture of the CFRP in the slabs strengthened with NSM CFRP laminates 
Figure 4.26 - Failure modes of the tested RC slabs of the series II. 
4.4.2.3 - Strains in CFRP laminates 
The maximum values of strain recorded in the strain gauges installed in the CFRP laminates up to the 
maximum load (Fmax) of the slabs are indicated in the column “Total” of the Table 4.12. Each of these 
values is the addition of the strain at the end of the prestress phase (column “Prestressing”) with the 
maximum strain registered in the loading phase of the slab up to its Fmax (column “Test”). The 
maximum values of strain measured in the CFRP laminates (column “Total”), namely in the SG-L1 
(S2L-0 and S2L-40 slabs) and SG-L2 (slab S2L-20 slab), are quite close to the ultimate tensile strain 
of the CFRP, justifying the failure mode of the strengthened slabs and the high effectiveness of the 
NSM technique for the flexural strengthening of the RC slabs.  
Table 4.12 - Maximum strain values recorded in the CFRP laminates’ strain gauges up to the maximum load of 
the slabs (Series II).  
 
Slab  
SG-L1 (‰) SG-L2 (‰) SG-L3 (‰) 
Prestressing Test Total Prestressing Test Total Prestressing Test Total 
S2L-0 0.0 15.0 15.0 0.0 14.5 14.5 0.0 5.0 5.0 
S2L-20 3.0 11.7 14.7 3.1 11.9 15.0 3.0 3.6 6.6 
S2L-40 6.1 10.3 16.4 6.0 8.5 14.4 5.6 2.5 8.1 
Concrete 
crushing 
Rupture of 
the steel bar 
Rupture of 
the CFRP 
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Figure 4.27 shows the relationship between the applied load and the strain in the CFRP laminates 
(SG-L1, SG-L2 and SG-L3 strain gauges) and longitudinal tensile steel reinforcement (SG-S1) 
(Figure 4.15-b). The evolution of the strains in the longitudinal steel bars indicates that when the 
strengthened slabs failed, the longitudinal steel bars had already developed a significant plastic 
deformation. The initial strain of CFRP laminates in 0%, 20% and 40% prestressed slabs is indicated 
in Table 4.12. According to the Figure 4.27 and similarly to that which occurred in the strengthened 
RC slabs of the series I, the load-CFRP strain curves of the slabs have the same three important 
phases that were mentioned above in the analysis of the Figure 4.24: 1) until cracking of the concrete, 
where the variation is almost null; 2) between concrete cracking and yield initiation of the steel 
reinforcement, where the strain has increased with the load; 3) and between steel reinforcement yield 
initiation and ultimate load, with an almost equal strain gradient in all the slabs, which is much more 
pronounced than in the previous phase, due to the plastic stage of the steel reinforcement.  
 
                                         a) b) 
 
 c) d) 
Figure 4.27 - Load vs. strain in CFRP laminates: a) SG-L1; b) SG-L2; c) SG-L3; and in tensile steel 
reinforcement: d) SG-S1 (Series II of tests, see Figure 4.15). 
4.4.2.4 - Effect of the prestress 
To evaluate the effect of the prestress level in CFRP laminates on the overall flexural behavior of RC 
slabs, the values of loads ( Str
cr
F , StrservF , 
Str
sy
F  and StrmaxF ) and corresponding deflection to 
Str
maxF  (
Str
Fmax
u ) of 
the strengthened prestressed slabs are compared in Table 4.13 with those corresponding values of the 
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reference slab ( Ref
cr
F , Ref
serv
F , Ref
sy
F , Ref
max
F and Ref
Fmax
u ). By considering these values, the parameters
Ref
crcr FFΔ ,
fRe
serserv FFΔ , 
Ref
sysy FFΔ , 
Ref
maxmax FFΔ  and 
Ref
FF maxmax
uuΔ were evaluated and included in       
Table 4.13, where Refcr
Str
crcr FFF Δ , 
Ref
serv
Str
servserv FFF Δ , 
Ref
sy
Str
sysy FFF Δ , 
Ref
max
Str
maxmax FFF Δ  and 
Ref
F
Str
FF maxmaxmax
uuu Δ . 
Table 4.13 - Performance of the NSM technique by considering the relevant results of the strengthened and 
reference slabs (effect of the prestress - Series II). 
Slab 
Ref
crcr FFΔ  
(%) 
Ref
servserv FFΔ  
(%) 
Ref
sysy FFΔ  
(%) 
Ref
maxmax FFΔ  
(%) 
Ref
FF maxmax
uuΔ  
(%) 
S2L-0 0.0 9.3 19.8 63.4 -4.4 
S2L-20 57.7 41.8 39.7 58.6 -26.6 
S2L-40 118.6 79.1 67.6 64.1 -47.2 
 
The results obtained evidence that applying a prestress level of 0%, 20% and 40% in the CFRP 
laminates has provided an increase of, respectively, 0%, 57.7% and 118.6% in cracking load, an 
increase of, respectively, 9.3%, 41.8% and 79.1% in service load, an increase of, respectively, 19.8%, 
39.7% and 67.6% in yielding load, and an increase of, respectively, 63.4%, 58.6% and 64.1% in 
maximum load. However, the maximum deflection has decreased in 4.4%, 26.6% and 47.2% by 
applying a prestress level of, respectively, 0%, 20% and 40%. Nonetheless, at uFmax both the 
prestressed slabs had already experienced a large incursion on the plastic stage of the steel 
reinforcements, therefore the level of ductility is still significantly high in the prestressed slabs. 
Figure 4.28-a shows the effect of increasing the prestress level on the cracking, service, yielding and 
maximum loads with respect to the corresponding load values in the reference slab, SREF, and in the 
non-prestressed strengthened slab, S2L-0. This figure clearly evidences the pronounced favorable 
effect of the prestress level in terms of load carrying capacity of RC slabs at cracking, serviceability 
and at yield initiation stages, while the increase of maximum load was not significantly affected by 
the prestress level adopted. 
Figure 4.28-b represents the effect of increasing the prestress level on the deflection at yielding and 
ultimate loads. When compared to the corresponding values of the SREF and S2L-0 slabs, it is 
verified a significant decrease of ultimate deflection with the increase of the prestress level, but the 
yielding deflection was not considerably affected by the prestress level. 
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 a)  b) 
Figure 4.28 - Effect of the prestress level on: a) cracking, service, yielding and ultimate loads; and b) yielding 
and ultimate deflection (Series II). 
Figure 4.29 shows the relation between the prestress level and the normalized value of energy 
consumed during the loading process of the slabs up to the uFmax. This energy concept was calculated 
for each tested RC slab as the area under the load-deflection curve. The above mentioned normalized 
value of energy was obtained for two cases: the ratio between the energy of the strengthened RC slab 
and the energy of the reference RC slab (SREF) and the ratio between the energy of the prestressed 
strengthened RC slab and the energy of the non-prestressed strengthened RC slab (S2L-0). For the 
both two cases it is observed an almost linear decrease of the energy consumed with the increase of 
the prestress level.  
 
Figure 4.29 - Effect of increasing the prestress level on the ductility of the RC slabs (Series II). 
4.4.2.5 - Influence of the percentage of the longitudinal tensile bar 
In the present section the influence of the percentage of the longitudinal reinforcement on the efficacy 
of the NSM technique with prestressed CFRP laminates is assessed by comparing the results of the 
series I and series II. In series I described in section 4.3, the geometry of RC slabs, arrangement of 
NSM CFRP laminates and reinforcements, loading configuration and support conditions presented in 
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Figure 4.12 and Figure 4.13 were the same as adopted in series II, but the RC slabs were reinforced 
with 4 bars of 8 mm diameter in the tension zone (48 instead of 410). 
To evaluate the effect of percentage of the longitudinal bar on the efficacy of the NSM technique with 
prestressed CFRP laminates, for both experimental programs that were mentioned above, the values of 
loads ( Str
cr
F , StrservF , 
Str
syF  and 
Str
maxF ) of the strengthened prestressed slabs are compared with those values 
of the corresponding reference slab ( Ref
cr
F , Ref
serv
F , RefsyF  and 
Ref
max
F ). Furthermore, the deflection 
corresponding to StrmaxF (
Str
Fmax
u ) of the strengthened prestressed slabs are compared with the value of the 
corresponding strengthened slab without prestress S2L-0 ( 0L2S
Fmax
u  ). By considering these values, the 
parameters Refcrcr FFΔ , 
fRe
serserv FFΔ , 
Ref
sysy FFΔ , 
Ref
maxmax FFΔ  and 
0L2S
FF maxmax
uu Δ  were evaluated for the RC 
slabs of the series I and II ( Refcr
Str
crcr FFF Δ , 
Ref
serv
Str
servserv FFF Δ , 
Ref
sy
Str
sysy FFF Δ , 
Ref
max
Str
maxmax FFF Δ  
and 0L2S
F
Str
FF maxmaxmax
uuu Δ ), and the results obtained are included in Table 4.14 and Figure 4.30.  
 
Table 4.14 - Influence of the percentage of the longitudinal reinforcement in the effectiveness of the 
prestressed NSM CFRP laminates.  
Level of 
prestress 
(%) 
Ref
crcr FFΔ  
(%) 
Ref
servserv FFΔ  
(%) 
Ref
sysy FFΔ  
(%) 
Ref
maxmax FFΔ  
(%) 
0L2S
FF maxmax
uu Δ  
(%) 
ρsl =0.39%              
(48) 
(1)
 
ρsl =0.62% 
(410)
 (2)
 
ρsl =0.39%              
(48) 
(1)
 
ρsl =0.62% 
(410)
 (2)
 
ρsl =0.39%              
(48) 
(1)
 
ρsl =0.62% 
(410)
 (2)
 
ρsl =0.39%              
(48) 
(1)
 
ρsl =0.62% 
(410)
 (2)
 
ρsl =0.39%              
(48) 
(1)
 
ρsl =0.62% 
(410)
 (2)
 
0% 5.1 0.0 24.9 9.3 44.6 19.8 115.1 63.4 - - 
20% 35.0 57.7 75.8 41.8 90.4 39.7 129.0 58.6 -27.1 -23.3 
30% 63.0 - 89.9 - 95.1 - 118.2 - -35.8 - 
40% 89.2 118.6 123.8 79.1 114.7 67.6 128.7 64.1 -44.0 -44.7 
50% 120.0 - 149.7 - 132.7 - 132.8 - -52.6 - 
 
(1)  Series I (five levels of CFRP prestress were analysed: 0%, 20%, 30%, 40% and 50%).  
(2)  Series II (three levels of CFRP prestress were analysed: 0%, 20% and 40%). 
Based on the results, by applying a 20% prestress level in the NSM CFRP laminates of the slabs with 
lower (series I) and higher (series II) percentage of the longitudinal bar, the cracking load has 
increased by 35% and 58%, respectively, when compared to the corresponding values of the 
reference slab, while 40% prestress level provided and increase of 89% and 119%, respectively. By 
applying 20% of prestress in RC slabs with lower and higher percentage of the longitudinal bar, the 
service load has increased, respectively, 76% and 42%, while 40% of prestress has guaranteed an 
increase of 124% and 79%, respectively. By applying 20% of prestress in RC slabs with lower and 
higher percentage of the longitudinal bar, the yielding load has increased, respectively, 90% and 40%, 
while 40% of prestress has guaranteed an increase of 115% and 68%, respectively.  
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a) b) 
    
c)                                                                                d)               
 
e) 
Figure 4.30 - Influence of the percentage of the longitudinal reinforcement in the effectiveness of the 
prestressed NSM CFRP laminates in terms of: a) cracking load; b) service load; c) yielding load; d) maximum 
load; and e) maximum deflection. 
By applying 20% of prestress in the NSM CFRP laminates of slabs with lower and higher percentage 
of the longitudinal bar, the ultimate load has increased, respectively, 129% and 59% when compared 
to the corresponding values of the reference slab, while 40% of prestress has guaranteed an increase 
of 129% and 64%. The decrease of the ultimate deflection of prestressed slabs (compared to the 
corresponding values of the S2L-0) with lower and higher percentage of the longitudinal bars was, 
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respectively, 27% and 23%, by applying 20% of prestress while 40% of prestress has provided an 
decrease of 44% and 45%. 
According to these results, regardless of the percentage of the longitudinal reinforcement, by 
increasing the prestress level in the NSM CFRP laminates, the load caring capacity of RC slabs in 
cracking, service and yielding has improved (Figure 4.30-a, 4.30-b and 4.30-c). The effect of the 
prestress level for increasing of the service and yielding loads were more noticeable in the slabs with 
lower percentage of the longitudinal reinforcement and this effect for increasing of the cracking loads 
was more noticeable in the slabs with higher percentage of the longitudinal reinforcement. By 
increasing the prestress level in the NSM CFRP laminates, the ultimate load carrying capacity of the 
slabs has not changed significantly regardless of the percentage of the longitudinal reinforcement 
(4.30-d) but the deflection at the maximum load has decreased (4.30-e). Regardless of the prestress 
level, with increasing the percentage of the longitudinal reinforcement, the ultimate load carrying 
capacity of the RC slabs has decreased significantly than the reference slab. 
4.4.3 - Conclusions (Series II) 
In series II of the tests, the influence of the percentage of the longitudinal tensile reinforcement on the 
effectiveness of the NSM technique with prestressed CFRP laminate was assessed. From the 
experimental results obtained it can be concluded that: 
 Regardless of the prestress level of the CFRP laminates, the NSM technique with CFRP laminates 
is highly effective for the flexural strengthening of RC slabs. In fact, the adopted CFRP flexural 
strengthening configuration has provided an increase in terms of maximum load that ranged 
between 59% and 64% of the maximum load of the reference RC slab. 
 Strengthening RC slabs with prestressed NSM CFRP laminates resulted in a significant increase of 
load carrying capacity at serviceability and ultimate limit states. By applying a 20% prestress level 
in the NSM CFRP laminates, the cracking, service and ultimate loads increased by 58%, 42% and 
59% respectively, when compared to the corresponding values of the reference slab. A 40% 
prestress level produced increases of 119%, 79% and 64% respectively. Similarly to that which 
occurred in terms of the cracking and service load, the load carrying capacity corresponding to the 
steel yield initiation (yield load) has a tendency to increase with the prestress level: by applying 
NSM CFRP laminates at 20 and 40%, the yield load increased 40% and 68%, respectively. 
 By increasing the prestress level in the NSM CFRP laminates the overall flexural behavior of the 
slabs at service condition was improved, but the deflection at the maximum load of the slabs 
decreased with the increase of the prestress level. However, the deflection at maximum load was 
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more than 1.6 times than the deflection at yield initiation, with significant plastic incursion on the 
steel reinforcement, which assures the required level of deflection ductility for this type of RC 
structure. 
 Regardless of the prestress level applied to the CFRP laminates, all the strengthened slabs failed 
by rupture of the laminates after yielding of the tension steel reinforcement. This failure mode 
proved the high effectiveness of the NSM technique for the flexural strengthening of RC slabs. 
 When the same NSM CFRP laminates arrangements were applied in a group of slabs with lower 
percentage of the longitudinal tensile reinforcement (sl) equal to 0.39% (48) and in another 
group of slabs with sl equal to 0.62% (410), the results obtained showed that the NSM technique 
with prestressed CFRP laminates was more effective in the case of the slabs with lower percentage 
of the longitudinal bars, both for serviceability (the average value of increasing in service load for 
RC slabs with lower and higher percentage of the longitudinal tensile reinforcement was, 
respectively, 100% and 60.5% compared to the corresponding values of the reference slab) and for 
ultimate limit states (the average value of increasing in maximum load for RC slabs with lower 
and higher percentage of the longitudinal tensile reinforcement was, respectively, 129% and 
61.4% compared to the corresponding values of the reference slab).  
4.5 - INFLUENCE OF THE CONCRETE QUALITY (SERIES III)  
There are several reasons that justify the relevance of a study on the use of the NSM technique with 
prestressed CFRP laminates for the flexural strengthening of RC slabs of low strength concrete: old 
RC structures were built with low strength concrete; decrease of concrete strength due to several time 
dependent phenomena and environmental conditions; evaluate the role of the concrete in the 
effectiveness of this highly effective technique.  
The effectiveness of the NSM technique with prestressed CFRP  laminates for the flexural 
strengthening of RC slabs of low strength concrete was assessed in series III of this extensive 
research. In this series, the strength of the concrete was around 15 MPa that was indicated in Table 
4.1. Four RC slabs were tested, a reference slab (without CFRP), and three slabs flexurally 
strengthened using NSM CFRP laminates with different prestress level of the ultimate tensile strength 
of the CFRP: 0%, 20% and 40%. The series III is described and the main results are presented and 
analyzed in terms of the structural behavior of the RC slabs, failure modes and performance of the 
NSM technique with prestressed CFRP laminates. 
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4.5.1 - Series III of tests 
According to Table 4.1 and Figure 4.1, series III was composed of four RC slabs. The geometry, the 
reinforcement arrangements, the loading configuration and the support conditions for the RC slabs 
were the same as the slabs of the series I (Figure 4.12). The general information of the four tested RC 
slabs of the series III is represented in Table 4.15. SREF represents the reference slab without CFRP, 
and the S2L-0, S2L-20 and S2L-40 slabs are those flexurally strengthened using two NSM CFRP 
laminates (Figure 4.13) with the following respective prestress level of the ultimate tensile strength of 
the CFRP laminates: 0% (S2L-0), 20% (S2L-20) and 40% (S2L-40). The tested slabs of the series III 
had a percentage of longitudinal tensile steel bars (sl) of about 0.394%, while the CFRP 
strengthening percentage (f) was approximately 0.085%. The only difference between these four 
slabs and the slabs of the series I (reference slab and slabs with 0%, 20% and 40% of prestress in the 
CFRP laminates) was the quality of the concrete: In fact the value of fcm , in series I was 40 MPa and 
in series III was 15 MPa.  
Table 4.15 - General information of the tested RC slabs of the series III. 
Slab 
ρsl 
(%)  
NSM CFRP flexural strengthening 
Level of prestress (%) 
Quantity 
ρf 
(%) 
SREF 
0.394 
(48) 
- - - 
S2L-0 
2 CFRP laminates with 1.4×20 mm
2
 of 
cross section 
(Af = 2×1.4×20 = 56 mm
2
) 
0.085 
0 
S2L-20 20 
S2L-40 40 
 
Like as occurred in the series I (Figure 4.14), the four point slab bending tests were executed under 
displacement control at a deflection rate of 0.02 mm/second. All slabs were instrumented to measure 
the applied load, deflections and strains in the CFRP laminates and longitudinal tensile steel 
reinforcement. Positions of the LVDTs (linear variable displacement transducers) and strain gauges 
(SG) in the monitored longitudinal tensile bars and in the NSM CFRP laminates were exactly the 
same as the slabs of the series II that were indicated in the Figure 4.15 (a, b and c) and Figure 4.23.  
Application of the passive CFRP laminates using NSM technique was executed based on the method 
explained in the section 3.2.1 and application of the prestress NSM CFRP laminates was also 
executed based on the section 3.2.2. 
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4.5.2 - Experimental results and discussion (Series III) 
4.5.2.1 - Load carrying capacity of the tested slabs 
Figure 4.31 shows the relationship between the applied load and the deflection at mid-span, F-u, for 
the four tested RC slabs. This figure shows that the experimental load-deflection curve of the slabs 
has three important phases: up to concrete cracking; between concrete cracking and yield initiation of 
the steel reinforcement; and between steel yield initiation and ultimate load. As expected, the un-
strengthened control slab behaved in a plastic manner in the third phase. The almost linear behavior 
of the third phase of strengthened slabs is due to the contribution of the CFRP, since the laminates 
have linear behavior, while steel reinforcement is in a plastic stage and cracked concrete is too 
damaged. In fact, above the deflection corresponding to yield initiation, the load carrying capacity of 
the strengthened slabs has increased up to the CFRP rupture, after which the load dropped to that of 
the control slab. Regardless of the prestress level of the laminates (0%, 20% and 40%), the adopted 
CFRP configuration provided an increase in the load carrying capacity of slabs at serviceability and 
ultimate limit states. 
 
Figure 4.31 - Load vs. deflection at mid-span of the tested RC slabs (Series III). 
Table 4.16 shows the summary of the results of the tested RC slabs in terms of cracking (Fcr), service 
(Fserv.), yielding (Fsy) and maximum (Fmax) loads (see also Figure 4.31). The values of the deflection 
at mid-span for the loads Fsy (uFsy.) and Fmax (uFmax) are also indicated in Table 4.16.  
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Table 4.16 - Summary of the results in terms of loads and deflections (Series III). 
Slab  
Cracking Service Yielding Maximum 
Fcr 
(kN) 
Fserv. 
(kN) 
Fsy 
(kN) 
uFsy 
(mm) 
Fmax 
(kN) 
uFmax 
(mm) 
SREF 3.1 9.2 21.1 29.8 23.8 85.5 
S2L-0 4.2 13.1 31.8 32.0 51.1 102.9 
S2L-20 11.1 20.5 40.0 31.5 53.4 78.2 
S2L-40 15.5 26.7 45.9 31.5 55.7 58.8 
 
Strengthening the RC slabs with NSM CFRP laminates resulted in higher cracking loads than the Fcr 
of the reference slab. The Fcr has increased with the prestress level (the values of Fcr of reference, 
non-prestressed, 20% and 40% prestressed slabs are respectively, 3.1 kN, 4.2 kN, 11.1 kN and      
15.5 kN). Based on Table 4.16, the values of the service load of the reference, non-prestressed, 20% 
and 40% prestressed slabs are respectively, 9.2 kN, 13.1 kN, 20.5 kN and 26.7 kN, which evidence 
the benefits of applying the CFRP laminates with a certain prestress. Strengthening the RC slabs with 
NSM CFRP laminates resulted also in higher yielding loads than the Fsy of the reference slab. The Fsy 
has increased with the prestress level. The values of the maximum load of the strengthened slabs 
ranged between 51.1 kN and 55.7 kN, which is 2.2 and 2.3 times higher the maximum load of the 
reference slab (23.8 kN).  
Since the load at crack initiation increases with the prestress level, and considering the stiffness and 
load amplitude between crack initiation and yield initiation does not change significantly with the 
prestress level, the deflection at yield initiation (uFsy) does not change significantly with the increase 
of the prestress level (the values of uFsy of the strengthened slabs ranged between 31.5 mm and     
32.0 mm). By increasing the prestress level, larger initial strains are introduced in the CFRP 
laminates. Due to this fact and considering the CFRP has ruptured at the maximum load, the 
corresponding deflection of the slab has decreased with the prestress level (the values of uFmax in the 
non prestressed, 20% and 40% prestressed slabs are, respectively, 102.9 mm, 78.2 mm and 58.8 mm).    
4.5.2.2 - Crack pattern and failure modes 
Figure 4.32 shows the final crack pattern of the tested RC slabs. The first cracks occurred in the pure 
bending zone (between the loaded sections). Under further increase in the load, the cracks became 
wider and news cracks started to initiate in the shear span of the slabs.  
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Non-strengthened RC slab (SREF slab) 
 
 
RC slab strengthened with non-prestressed CFRP laminates (S2L-0 slab) 
 
 
RC slab strengthened with prestressed CFRP laminates - 20% (S2L-20 slab) 
 
 
RC slab strengthened with prestressed CFRP laminates - 40% (S2L-40 slab) 
Figure 4.32 - Crack patterns of the tested RC slabs of the series III. 
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By strengthening RC slabs with NSM CFRP laminates, the average distance between cracks 
decreased. In fact the values of the average distance between cracks were 126 mm, 101 mm, 86 mm 
and 79 mm, respectively for the slabs SREF, S2L-0, S2L-20 and S2L-40. During the tests of the RC 
slabs until the failure it was possible to observe that the cracks width have decreased by strengthening 
RC slabs with NSM CFRP laminates. When the final crack pattern of the NSM slabs is compared, it 
is possible to conclude that the length of the slab’s cracked band has decreased with the increase of 
the prestress level due to the initial compressive strain field introduced by the prestress. In fact the 
values of the slab’s cracked band were 1639 mm, 1826 mm, 1550 mm and 1260 mm, respectively for 
the slabs SREF, S2L-0, S2L-20 and S2L-40.  
Two types of failure mode occurred in the tested RC slabs: 1) the reference slab failed by the concrete 
crushing after the yielding of the tensile steel reinforcements (see Figure 4.33-a). In this slab, at mid-
span deflection of 143 mm (Figure 4.31) a longitudinal steel bar has ruptured (see Figure 4.33-a); 2) 
the strengthened slabs failed by the rupture of the CFRP (see Figure 4.33-b) after the yielding of the 
tensile steel reinforcements.  
 
a) Concrete crushing and tensile rupture of a steel bar in the reference RC slab 
 
b) Rupture of the CFRP in the slabs strengthened with NSM CFRP laminates 
Figure 4.33 - Failure modes of the tested RC slabs of the series III. 
Concrete 
crushing 
Rupture of the 
steel bar 
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4.5.2.3 - Strains in CFRP laminates 
The maximum strain values recorded in the strain gauges installed in the CFRP laminates up to the 
maximum load (Fmax) of the slabs are indicated in the column “Total” of the Table 4.17. Each of these 
values is the addition of the strain at the end of the prestress phase (column “Prestressing”) with the 
maximum strain registered in the loading phase of the slab up to its Fmax (column “Test”). The 
maximum values of strain measured in the CFRP laminates (column “Total”), namely in the SG-L1 
(S2L-20 and S2L-40 slabs) and SG-L2 (S2L-20 and S2L-40 slabs), are quite close to the ultimate 
tensile strain of the CFRP, justifying the failure mode of the strengthened slabs and the high 
effectiveness of the NSM technique for the flexural strengthening of RC slabs. Based on this table, by 
increasing the level of prestress, the total strain in the CFRP laminates has increased, which shows 
that by increasing the level of prestress the probability of using more capacity of CFRP laminates 
increase. 
Table 4.17 - Maximum strain values recorded in CFRP laminates’ strain gauges up to the maximum load of the 
slabs (Series III).  
 
Slab  
SG-L1 (‰) SG-L2 (‰) SG-L3 (‰) 
Prestressing Test Total Prestressing Test Total Prestressing Test Total 
S2L-0 0.0 14.6 14.6 0.0 14.6 14.6 0.0 4.7 4.7 
S2L-20 3.1 11.9 14.9 3.2 11.8 15.0 3.1 4.0 7.1 
S2L-40 5.9 9.1 14.9 5.9 9.9 15.8 6.0 2.9 8.9 
 
Figure 4.34 shows the relationship between the applied load and the strain in the CFRP laminates 
(SG-L1, SG-L2 and SG-L3 strain gauges) and longitudinal tensile steel reinforcement (SG-S2) 
(Figure 4.15-b). The initial strain of CFRP laminates in 0%, 20% and 40% prestressed slabs was 
indicated in Table 4.17. According to the Figure 4.34 and similarly to that which occurred in the 
strengthened RC slabs of the series I and series II, the load-CFRP strain curves of the slabs have the 
same three important phases that were mentioned above in the analysis of the Figure 4.31: 1) until 
cracking of the concrete, where the variation is almost null; 2) between concrete cracking and yield 
initiation of the steel reinforcement, where the strain has increased with the load; 3) and between steel 
reinforcement yield initiation and ultimate load, with an almost equal strain gradient in all the slabs, 
which is much more pronounced than in the previous phase, due to the plastic stage of the steel 
reinforcement.  
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Figure 4.34-d presents the relationship between the applied load and strain in the longitudinal tensile 
steel reinforcement (SG-S2 in Figure 4.15-b).  
 
 a)   b) 
 
 c) d) 
 Figure 4.34 - Load vs. strain in CFRP laminates (Series III of tests): a) SG-L1; b) SG-L2; c) SG-L3; 
and in tensile steel reinforcement: d) SG-S2 (See Figure 4.15). 
Regarding Figure 4.34, the tensile steel reinforcement in the prestressed slabs (S2L-20 and S2L-40) 
presented initial compressive strains before the application of external loading due to the prestress 
force transferred from the laminates for the surrounding concrete. During the external loading process 
these steel bars started to present tensile strains. The load that converts strain on the tensile steel 
reinforcements from compression to tension is defined as decompression load, as indicated in Figure 
4.34-d. In the prestressed slabs, the yielding of steel reinforcements occurred at higher load levels 
(Fsy) due to the initial compressive strains introduced by the prestress effect of the CFRP laminates. 
According to Figure 4.34-d the steel decompression load has increased with the prestress level, and 
consequently the yielding load (Fsy) of slabs has increased (as mentioned in Table 4.16). 
4.5.2.4 - Effect of the prestress 
To evaluate the effect of the prestress level of CFRP laminates on the overall flexural behavior of RC 
slabs, the values of loads ( Str
cr
F , StrservF , 
Str
sy
F  and StrmaxF ) and corresponding deflection to 
Str
maxF  (
Str
Fmax
u ) of 
the strengthened prestressed slabs are compared in Table 4.18 with those corresponding values of the 
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reference slab ( Ref
cr
F , Ref
serv
F , Ref
sy
F , Ref
max
F and Ref
Fmax
u ). By considering these values, the parameters
Ref
crcr FFΔ ,
fRe
serserv FFΔ ,
Ref
sysy FFΔ ,
Ref
maxmax FFΔ  and 
Ref
FF maxmax
uuΔ were evaluated and included in         
Table 4.18, where Refcr
Str
crcr FFF Δ , 
Ref
serv
Str
servserv FFF Δ , 
Ref
sy
Str
sysy FFF Δ , 
Ref
max
Str
maxmax FFF Δ  and 
Ref
F
Str
FF maxmaxmax
uuu Δ .  
The results obtained evidence that applying a prestress level of 0%, 20% and 40% in the CFRP 
laminates has provided an increase of, respectively, 35%, 258% and 400% in cracking load, an 
increase of, respectively, 42%, 123% and 190% in service load, an increase of, respectively, 51%, 
90% and 118% in yielding load, and an increase of, respectively, 115%, 125% and 134% in 
maximum load. However, the maximum deflection has increased in 20% for the prestress level of 
0%, while it has decreased in 9% and 31% by applying a prestress level of, respectively, 20% and 
40%. Nonetheless, at uFmax both the prestressed slabs had already experienced a large incursion on the 
plastic stage of the steel reinforcement, therefore the level of ductility is still significantly high in the 
prestressed slabs. 
Table 4.18 - Performance of the NSM technique by considering relevant results of the strengthened and 
reference slabs (Effect of the prestress - Series III).   
Slab 
Ref
crcr FFΔ  
(%) 
Ref
servserv FFΔ  
(%) 
Ref
sysy FFΔ  
(%) 
Ref
maxmax FFΔ  
(%) 
Ref
FF maxmax
uuΔ  
(%) 
S2L-0 35.5 42.4 50.7 114.7 20.4 
S2L-20 258.1 123.3 89.6 124.4 -8.5 
S2L-40 400.0 190.2 117.5 134.0 -31.2 
 
Figure 4.35-a shows the effect of increasing the prestress level on the cracking, service, yielding and 
ultimate loads with respect to the corresponding load values in the reference slab, SREF, and in the 
non-prestressed strengthened slab, S2L-0. This figure clearly evidences the pronounced favorable 
effect of the prestress level in terms of load carrying capacity of RC slabs at cracking, serviceability 
and at yield initiation stages, while the increase of ultimate load was not significantly affected by the 
prestress level adopted. Figure 4.35-b represents the effect of increasing the prestress level on the 
deflection at yielding and ultimate loads. When compared to the corresponding values recorded in the 
SREF and S2L-0 slabs, it is verified a significant decrease of ultimate deflection with the increase of 
the prestress level, but the yielding deflection was not considerably affected by the prestress level. 
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 a) b) 
Figure 4.35 - Effect of the prestress level on: a) cracking, service, yielding and ultimate loads; and b) yielding 
and ultimate deflection (Series III). 
 
Figure 4.36 shows the relation between the prestress level and the normalized value of energy 
consumed during the loading process of the slabs up to the uFmax. This energy concept was calculated 
for each tested RC slab as the area under the load-deflection curve. The above mentioned normalized 
value of energy was obtained for two cases: the ratio between the energy of the strengthened RC slab 
and the energy of the reference RC slab (SREF) and the ratio between the energy of the prestressed 
strengthened RC slab and the energy of the non-prestressed strengthened RC slab (S2L-0). For the 
both two cases it is observed an almost linear decrease of the energy consumed with the increase of 
the prestress level.  
 
Figure 4.36 - Effect of increasing the prestress level on the ductility of the RC slabs of the series III. 
4.5.2.5 - Influence of the concrete strength 
In the present section the influence of the concrete strength on the efficacy of the NSM technique with 
prestressed CFRP laminates is assessed by comparing the results of the series I and series III. In   
series I described in section 4.3, the geometry of RC slabs, arrangement of NSM CFRP laminates and 
steel reinforcements, loading configuration and support conditions presented in Figure 4.12 and 
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Figure 4.13 were the same as adopted in series III, but the compressive strength of the concrete at the 
testing age of the slabs was 40 MPa (fcm = 40 MPa instead of fcm = 15 MPa).  
To evaluate the effect of concrete strength on the efficacy of the NSM technique with prestressed 
CFRP laminates, for both experimental programs that were mentioned above, the values of loads         
( Str
cr
F , StrservF , 
Str
syF  and 
Str
maxF ) of the strengthened prestressed slabs are compared with those values of the 
corresponding reference slab ( Ref
cr
F , Ref
serv
F , RefsyF  and 
Ref
max
F ). Furthermore, the deflection corresponding 
to StrmaxF (
Str
Fmax
u ) of the strengthened prestressed slabs are compared with the value of the corresponding 
strengthened slab without prestressed S2L-0 ( 0L2SFmaxu
 ). By considering these values, the parameters 
Ref
crcr FFΔ , 
Ref
serser FFΔ , Refsysy FFΔ , 
Ref
maxmax FFΔ  and 
0L2S
FF maxmax
uu Δ  were evaluated for the RC slabs of the 
series I and III ( Refcr
Str
crcr FFF Δ , 
Ref
serv
Str
servserv FFF Δ , 
Ref
sy
Str
sysy FFF Δ , 
Ref
max
Str
maxmax FFF Δ  and 
0L2S
F
Str
FF maxmaxmax
uuu Δ ), and the results obtained are included in Table 4.19 and Figure 4.37.  
Table 4.19 - Influence of the concrete strength in the effectiveness of the prestressed NSM CFRP laminates. 
Level of 
prestress (%) 
Ref
crcr FFΔ  
(%) 
Ref
servserv FFΔ  
(%) 
Ref
sysy FFΔ  
(%) 
Ref
maxmax FFΔ  
(%) 
0L2S
FF maxmax
uu Δ  
(%) 
fcm = 15 
MPa
 
fcm =40 
MPa
 
fcm = 15 
MPa
 
fcm =40 
MPa
 
fcm = 15 
MPa
 
fcm = 40 
MPa
 
fcm = 15 
MPa
 
fcm = 40 
MPa
 
fcm = 15 
MPa 
fcm = 40 
MPa 
0% 35.5 5.1 42.4 24.9 50.7 44.6 114.7 115.1 - - 
20% 258.1 35.0 122.8 75.8 89.6 90.4 124.4 129.0 -24.0 -27.1 
40% 400.0 89.2 190.2 123.8 117.5 114.7 134.0 128.7 -42.9 -44.0 
 
Based on the results, by applying a 20% prestress level in the NSM CFRP laminates of the slabs with 
higher and lower concrete compressive strength, the cracking load has increased by 35% and 258%, 
respectively, when compared to the corresponding values of the reference slab, while 40% prestress 
level provided and increase of 89% and 400%, respectively. By applying 20% of prestress in RC 
slabs with higher and lower concrete compressive strength, the service load has increased, 
respectively, 76% and 123%, while 40% of prestress has guaranteed an increase of 124% and 190%, 
respectively. The increments of yielding load of prestressed slabs was almost the same regardless the 
concrete quality (around 90% and 115%, respectively, in 20% and 40% prestress levels).  
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                                            a)                                                                                  b) 
          
c)                                                                                 d) 
 
                                            e) 
Figure 4.37 - Influence of the concrete strength in the effectiveness of the prestressed NSM CFRP laminates in 
terms of: a) cracking load; b) service load; c) yielding load; d) maximum load; and e) maximum deflection. 
By applying 20% of prestress in the NSM CFRP laminates of slabs with higher and lower concrete 
compressive strength, the ultimate load has increased, respectively, 129% and 125% when compared 
to the corresponding values of the reference slab, while 40% of prestress has guaranteed an increase 
of 129% and 134%. The decrease of the ultimate deflection of prestressed slabs (compared to the 
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corresponding values of the S2L-0) was almost the same regardless of the concrete quality (24%-27% 
and 43%-44%, respectively, in 20% and 40% prestress levels). 
According to these results, regardless of the concrete quality, by increasing the prestress level in the 
NSM CFRP laminates, the load caring capacity of RC slabs in cracking, service and yielding has 
improved (Figure 4.37-a, 4.37-b and 4.37-c). The effect of the prestress level for increasing of the 
cracking and service loads were more noticeable in the slabs with lower concrete compressive 
strength than the slabs with higher concrete class. By increasing the prestress level in the NSM CFRP 
laminates, the increase of the yielding and the ultimate load carrying capacity of the slabs with 
different concrete compressive strength was almost the same (4.37-d) but the deflection at the 
maximum load has decreased (4.37-e). Therefore concrete strength has small influence on the flexural 
strengthening effectiveness in terms of ultimate load carrying capacity of RC slabs since in all the 
tested slabs tensile rupture of the CFRP laminates was the governing failure mechanism. 
4.5.3 - Conclusions (Series III) 
By carrying out an experimental program, the effectiveness of NSM technique with prestressed CFRP 
laminates for the flexural strengthening of RC slabs of low strength concrete (fcm = 15.0 MPa) was 
assessed. From the experimental results obtained it can be concluded that: 
 Regardless of the prestress level of the CFRP laminates, the NSM technique with CFRP laminates 
is highly effective for the flexural strengthening of RC slabs of low strength concrete. In fact, the 
adopted CFRP flexural strengthening configuration has provided an increase in terms of maximum 
load that ranged between 115% and 134% of the maximum load of the reference RC slab. 
 Strengthening RC slabs of low strength concrete with prestressed NSM CFRP laminates resulted 
in a significant increase of load carrying capacity at serviceability and ultimate limit states. By 
applying 20% of prestress in the NSM CFRP laminates, the cracking, service and ultimate loads 
have increased, respectively, 258%, 123% and 125% when compared to the corresponding values 
of the reference slab, while 40% of prestress has guaranteed an increase of 400%, 190% and 
134%. 
 By increasing the prestress level in the NSM CFRP laminates, the overall flexural behavior of the 
slabs at service and ultimate states has improved, but the deflection at the maximum load of the 
slabs has decreased with the increase of the prestress level. However, the deflection at maximum 
load was more than 1.9 times the deflection at yield initiation, with a significant plastic incursion 
on the steel reinforcement, which assures the required level of deflection ductility for this type of 
RC structures. 
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 Regardless of the prestress level applied to the CFRP laminates, all the strengthened slabs failed 
by rupture of the laminates after yielding of the tension steel reinforcement. This failure mode 
proved the high effectiveness of the NSM technique for the flexural strengthening of RC slabs of 
low strength concrete. 
 When the same NSM CFRP laminates arrangements were applied in a group of slabs of concrete 
compressive strength (fcm) equal to 15 MPa and in another group of slabs of fcm = 40 MPa, the 
results obtained showed that the NSM technique with prestressed CFRP laminates was more 
effective in the lowest concrete strength class series of slabs, mainly at serviceability limit state 
conditions (the average value of increasing in service load for RC slabs with lower and higher 
compressive strength was, respectively, 156.5% and 100% compared to the corresponding values 
of the reference slab).  
4.6 - EFFECT OF THE DAMAGE (SERIES IV)  
The strengthening intervention often involves concrete elements already cracked. To evaluate the 
influence, on the strengthening effectiveness, of already existing cracks (damage) when a RC slab is 
flexurally strengthened with prestressed NSM CFRP laminates, some of the RC slabs were pre-
cracked prior to their strengthening. 
To evaluate the effect of the level of the damage on the behavior of the RC slabs flexurally 
strengthened with the prestressed NSM CFRP laminates, series IV of tests was carried out. This series 
contained six RC slabs which included: two slabs with 0% prestress, two slabs with 20% prestress 
and two slabs with 40% prestress. Two levels of damage were analyzed for each level of prestress. In 
this series of tests, all details of the specimens and class of the concrete were exactly the same as with 
the first series of the specimens but only three of the specimens (with 0%, 20% and 40% level of 
prestress) were damaged at the first level and the rest of the specimens were damaged at the second 
level of damage. The experimental program is described in detail, the results obtained are presented 
and discussed, and relevant conclusions are extracted. 
4.6.1 - Series IV of tests  
According to Table 4.1 and Figure 4.1, series IV was composed of six RC slabs. The geometry, the 
reinforcement arrangements, the loading configuration and the support conditions for the RC slabs 
were the same as the slabs of the series I (Figure 4.12). The general information of the six tested RC 
slabs of the series IV is represented in Table 4.20. S2L-0-PC1, S2L-20-PC1 and S2L-40-PC1 were 
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RC slabs with first level of damage that were flexurally strengthened using two NSM CFRP 
laminates (Figure 4.13) with the following respective prestress level of the ultimate tensile strength of 
the CFRP laminates: 0% (S2L-0-PC1), 20% (S2L-20-PC1) and 40% (S2L-40-PC1). S2L-0-PC2, 
S2L-20-PC2 and S2L-40-PC2 were RC slabs with second level of damage that were flexurally 
strengthened using two NSM CFRP laminates (Figure 4.13) with the following respective prestress 
level of the ultimate tensile strength of the CFRP laminates: 0% (S2L-0-PC2), 20% (S2L-20-PC2) 
and 40% (S2L-40-PC2). The tested slabs of the series IV had a percentage of longitudinal tensile steel 
bars (sl) of about 0.394%, while the CFRP strengthening percentage (f) was approximately 0.085%. 
The only difference between these six slabs and the slabs of the series I (slabs with 0%, 20% and 40% 
of prestress in the CFRP laminates) was the damage of slabs: In fact the RC slabs in series I were 
without damage before strengthening and in series IV were with damage before strengthening. 
Table 4.20 - General information of the tested RC slabs of the series IV. 
Slab 
ρsl 
(%) 
NSM CFRP flexural strengthening 
Level of 
damage 
Level of 
prestress  
(%) Quantity 
ρf 
(%) 
S2L-0-PC1 
0.394 
(48) 
2 CFRP laminates with 1.4×20 mm
2
 
of cross section 
(Af = 2×1.4×20 = 56 mm
2
) 
 
 
0.085 
I 0 
S2L-20-PC1 I 20 
S2L-40-PC1 I 40 
S2L-0-PC2 II 0 
S2L-20-PC2 II 20 
S2L-40-PC2 II 40 
 
All slabs were instrumented to measure the applied load, deflections and strains in the CFRP 
laminates and longitudinal tensile steel reinforcement. Positions of the LVDTs (linear variable 
displacement transducers) and strain gauges (SG) in the monitored longitudinal tensile bars and in the 
NSM CFRP laminates in non-prestressed slabs (S2L-0-PC1 and S2L-0-PC2) were exactly the same 
as the slabs of the series I that were indicated in the Figure 4.15 (a, b and c) , while in the prestressed 
slabs, the disposition of the six strain gauges (SG-L1 to SG-L6) applied on the two CFRP laminates is 
indicated in Figure 4.38 (the SG-L4 to SG-L6 strain gauges were installed near the end of the CFRP 
laminates to determine prestress loss). 
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Bottom view: Showing only two CFRP laminates in prestressed slabs 
Figure 4.38 - Position of the strain gauges in the NSM CFRP laminates of the prestressed slabs in series IV 
(Dimensions in mm). 
4.6.1.1 - Application of pre-crack 
For applying damage on the RC slabs, four point slab bending tests was executed under displacement 
control in all RC slabs of series IV. Damage was applied in two phases: loading and unloading. The 
loading phase was performed at a deflection rate of 0.02 mm/second up to a targeted deflection in the 
mid-span then the unloading phase was done at a deflection rate of 0.03 mm/second.  
In the slabs with the first level of damage (S2L-0-PC1, S2L-20-PC1 and S2L-40-PC1), the maximum 
allowed deflection for the serviceability limit states (uFserv=9.6 mm), was applied as the targeted 
deflection at the mid-span prior the strengthening while in the RC slabs with the second level of 
damage ((S2L-0-PC2, S2L-20-PC2 and S2L-40-PC2), the deflection corresponding to 80% of Fsy 
(that was around 15 mm considered the results of the SREF slab of the series I) was applied as the 
targeted deflection at the mid-span prior the strengthening. Figure 4.39 shows application of pre-
crack in S2L-20-PC2 slab. Figure 4.40 shows the applied load vs. mid-span deflection for all pre-
cracked RC slabs. Regarding the Figure 4.40, after cracking the concrete, some tolerances in the load-
deflection curves of the slabs are observed that are because of the formation of the new cracks with 
increasing the load.  
Values of the maximum deflection of the RC slabs (uFmax-precrack) during the application of pre-crack 
are indicated in Table 4.21. However after unloading the RC slabs, values of final deflection (ufinal-
precrack) had decreased that are indicated in the Table 4.21. 
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150
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150
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Figure 4.39 - Application of pre-crack in the S2L-20-PC2 slab. 
           
          a)         b) 
Figure 4.40 - Load vs. mid-span deflection for applying damage in RC slab: a) first level of damage; and b) 
second level of damage. 
Table 4.21 - Maximum deflection during the loading and final deflection after unloading. 
Slab 
First level of damage Second level of damage 
S2L-0-PC1 S2L-20-PC1 S2L-40-PC1 S2L-0-PC2 S2L-20-PC2 S2L-40-PC2 
uFmax-precrack (mm) 9.7 9.6 9.3 16.3 14.9 15.0 
ufinal-precrack (mm) 4.8 4.9 4.3 7.8 6.5 6.8 
 
Figure 4.41 shows the crack pattern of the pre-cracked RC slabs of the series IV. When the crack 
pattern of the pre-cracked RC slabs is compared, it is concluded that the length of the slab’s cracked 
band has increased with the increase of the level of damage. The number of cracks in the slabs with 
the second level of damage (between 6-9) are more than the slabs with the first level of damage 
(between 4-6). In the slabs with the first level of damage, cracks were observed in the pure bending 
zone (between the loaded sections) but in the slabs with the second level of damage, the cracks 
became wider and news cracks were also observed in the shear span of the slabs.  
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S2L-0-PC1  S2L-0-PC2  
 
 
 
 
S2L-20-PC1  S2L-20-PC2 
 
 
 
 
S2L-40-PC1  S2L-40-PC2  
a) First level of damage b) Second level of damage 
Figure 4.41 - Crack patterns of the pre-cracked RC slabs of the series IV: a) first level of damage; and b) 
second level of damage. 
There was an unknown crack in the S2L-0-PC2 slab before application of pre-crack. This crack was 
in the mid-span section as indicated in Figure 4.42. As Figure 4.40 indicated, the S2L-0-PC2 slab 
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behaved with lower stiffness than other slabs during the application of pre-crack loading that was 
because of the presence of this crack.   
  
Figure 4.42 - Unknown crack in S2L-0-PC2 slab before pre-cracking.  
4.6.1.2 - Strengthening the pre-cracked specimens 
After application of the pre-cracks, the S2L-0-PC1 and S2L-0-PC2 slabs were strengthened with two 
passive CFRP laminates using NSM technique (Figures 4.13 and 4.15) based on the method 
explained in the section 3.2.1 that is showed in the Figure 4.43.  
  
                a) Turning slab and installation of strain gauge in CFRP       b) Application of epoxy adhesive 
 
c) Damaged RC slab after strengthening 
Figure 4.43 - Pre-cracked RC slab flexurally strengthened with passive NSM CFRP laminates (S2L-0-PC1 
slab). 
The S2L-20-PC1, S2L-40-PC1, S2L-20-PC2 and S2L-40-PC2 slabs were strengthened with two 
prestressed NSM CFRP laminates (Figures 4.13 and 4.38) based on the method mentioned in    
section 3.2.2 that is showed in the Figure 4.44. Pre-cracked RC slabs after the strengthening are 
indicated in Figure 4.45. 
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(a) Turning slab and inserting in the 
prestress line 
(b) Cleaning the grooves  (c) Preparation of  laminates 
 
  
(d) Installation of strain gauges (e) Applying the prestress load (f) Applying the epoxy adhesive 
     
(g) Removing the extra adhesive (h) Curing the adhesive 
(i) Releasing the prestress load and 
cutting the CFRP 
Figure 4.44 - RC slab flexurally strengthened with prestressed NSM CFRP laminates (S2L-40-PC2). 
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S2L-0-PC1 
 
S2L-20-PC1 
 
S2L-40-PC1 
a) First level of damage 
 
S2L-0-PC2 
 
S2L-20-PC2 
 
S2L-40-PC2 
b) Second level of damage 
Figure 4.45 - Pre-cracked RC slabs after the strengthening: a) first level of damage; and b) second level of 
damage. 
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After the strengthing step, the slabs were tested up to failure. The monotonic test of slabs was 
executed with four point bending tests under displacement control at a deflection rate of 
0.02 mm/second that was indicated in the Figure 4.46. 
 
 
       
Figure 4.46 - Four point bending test up to failure of one pre-cracked slab. 
4.6.2 - Experimental results and discussion 
4.6.2.1 - Load carrying capacity of the tested slabs 
Figure 4.47 shows the relationship between the applied load and the deflection at mid-span, F-u, for 
the three tested RC slabs with the first level of damage and Figure 4.48 shows F-u relationship for the 
three tested RC slabs with the second level of damage. This figures show that the experimental load-
deflection curve of the damaged RC slabs after strengthening has three important phases: up to 
beginning the pre-cracks progression; between beginning the pre-cracks progression and yield 
initiation of the steel reinforcement; and between steel yield initiation and ultimate load.  
In this series of slabs, concrete cracking had occurred in the pre-cracking test prior the strengthening. 
During the test up to failure of the slabs after a specific load (Fcr-damage), the pre-cracks began to 
progress and with increasing the load, new cracks were also observed. Fcr-damage is different with Fcr 
(concrete cracking initiation) that was defined for strengthened RC slabs without damage. Fcr in this 
series of slabs during the applying of the pre-cracks had the average value around 11 kN with the 
corresponding mid-span deflection around 1 mm. 
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 Figure 4.47 - Load vs. deflection at mid-span of the tested RC slabs with first level of damage. 
 
Figure 4.48 - Load vs. deflection at mid-span of the tested RC slabs with second level of damage. 
Table 4.22 shows the summary of the results of the tested RC slabs in terms of Fcr-damage, service 
(Fserv), yielding (Fsy) and maximum (Fmax) load. The values of the deflection at mid-span for the loads 
Fcr-damage (uFcr-damage), Fsy (uFsy) and Fmax (uFmax) are also indicated in the Table 4.22.  
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Table 4.22 - Summary of the results in terms of loads and deflections (series IV).   
Slab  
Crack Service Yielding Maximum 
Fcr-damage  
(kN) 
uFcr-damage 
(mm) 
Fserv 
(kN) 
Fsy 
(kN) 
uFsy 
(mm) 
Fmax 
(kN) 
uFmax 
(mm) 
S2L-0-PC1 16.9 5.8 21.6 36.5 24.1 66.0 87.1 
S2L-20-PC1 23.0 5.8 27.6 41.0 22.9 61.0 65.9 
S2L-40-PC1 28.0 5.6 35.3 49.5 22.7 63.5 46.8 
S2L-0-PC2
(1) 
16.6 11.7 12.5 35.0 29.6 58.7 78.1 
S2L-20-PC2 26.0 10.0 25.3 43.5 26.4 64.2 69.2 
S2L-40-PC2 35.0 11.7 31.2 50.0 26.0 61.9 49.0 
(1)  This slab was cracked prior the application of pre-cracks. 
Based on Table 4.22, Fcr-damage has increased with the prestress level (the values of Fcr-damage of non-
prestressed, 20% and 40% prestressed slabs for the first level of damage are, respectively, 16.9 kN, 
23.0 kN, and 28.0 kN and for the second level of damage are, respectively, 16.6 kN, 26.0 kN and  
35.0 kN). Based on Table 4.22, the values of service load (Fserv) of 0%, 20% and 40%  prestressed 
slabs with the first level of damage are, respectively, 21.6 kN, 27.6 kN, 35.3 kN and for the slabs with 
the second level of damage are, respectively, 12.5 kN, 25.3 kN, 31.2 kN, which evidences the 
benefits of applying the CFRP laminates with a certain prestress for damaged RC slabs. 
Strengthening the damaged RC slabs with NSM CFRP laminates resulted also in higher yielding 
loads than the Fsy of the reference slab (SREF of the series I, see Table 4.7). As occurred in terms of 
Fserv, the Fsy has increased with the prestress level (the values of Fsy of non-prestressed, 20% and 40% 
prestressed slabs are, respectively, 36.5 kN, 41.0 kN and 49.5 kN for RC slabs with the first level of 
damage and 35 kN, 43.5 kN and 50 kN for RC slabs with the second level of damage). The values of 
maximum load of all damaged slabs after strengthening ranged between 58.7 kN and 66.0 kN, which 
is 2.2 and 2.5 times higher the maximum load of the reference slab (26.3 kN - see Table 4.7). 
Since Fcr-damage increases with the prestress level, and considering the stiffness and load amplitude 
between Fcr-damage and yield initiation does not change significantly with the prestress level, the 
deflection at yield initiation (uFsy) does not change significantly regardless of the prestress level (the 
values of uFsy of strengthened slabs ranged between 22.7 mm and 24.1 mm for the slabs of first level 
of damage and 26 mm and 29.7 mm for the slabs of the second level of damage). By increasing the 
prestress level, larger initial strains are introduced in the CFRP laminates. Due to this fact, and 
considering the CFRP has ruptured at maximum load, the deflection of slabs has decreased with the 
prestress level (the values of uFmax in the 0%, 20% and 40% prestressed slabs are, respectively,      
87.1 mm, 65.9 mm and 46.8 mm for the slabs of the first level of damage and 78.1 mm, 69.2 mm and 
49 mm for the slabs of the second level of damage). 
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4.6.2.2 - Load vs. Deflection before and after strengthening 
Load vs. deflection at mid-span for the tested RC slabs before and after strengthening are indicated in 
Figure 4.49 and 4.50, respectively, for the first and second level of damage.  
Values of Fcr-damage and Fmax-precrack (ultimate load during the application of pre-crack to RC slab) are 
indicated in these figures and also in Table 4.23. Based on the results, difference in both forces that 
above mentioned for each slab was increased with increasing the level of prestress that confirms 
benefit of applying the prestress level on the strengthening of damage RC slabs. The deflection 
corresponding to these forces are almost the same. Small difference between these values is because 
of turning the slab before the strengthening. During the turning of the slabs, pre-cracks were closed 
and deflection decreased and therefore during the monotonic test of the strengthened slab, more 
deflection was necessary to open the pre-cracks.  
   
  a)  b) 
 
c) 
Figure 4.49 - Load vs. deflection at mid-span of the tested RC slabs with the first level of damage before and 
after the strengthening: a) S2L-0-PC1; b) S2L-20-PC1; and c) S2L-40-PC1. 
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 a) b) 
 
c) 
Figure 4.50 - Load vs. deflection at mid-span of the tested RC slabs with the second level of damage before 
and after the strengthening: a) S2L-0-PC2; b) S2L-20-PC2; and c) S2L-40-PC2. 
Difference between the maximum deflection of the RC slabs during the application of pre-crack and 
final value of deflection after unloading of the slabs is indicated in Table 4.24. The values of         
uFcr-damage are also indicated in this table. As this table shows, the difference between two above 
mentioned values for each RC slab is slight. Considering the obtained results it is possible to 
conclude that damaged RC slabs after strengthening resisted for formation of new cracks until 
deflection attain to the uFmax-precrack - ufinal-precrack. 
Table 4.23 - Values of Fmax-precrack and Fcr-damage. 
Slab S2L-0-PC1 S2L-20-PC1 S2L-40-PC1 S2L-0-PC2 S2L-20-PC2 S2L-40-PC2 
Fmax-precrack(kN) 14.7 15.8 17.2 16.5 16.8 17.1 
Fcr-damage(kN) 16.9 23.0 28.0 16.6 26.0 35.0 
(Fcr-damage-Fmax-
precrack)/Fmax-
precrack)*100(%) 
15.0 45.6 62.8 0.6 54.8 104.7 
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Table 4.24 - Comparison of deflection of the slabs before and after the strengthening. 
Slab S2L-0-PC1 S2L-20-PC1 S2L-40-PC1 S2L-0-PC2 S2L-20-PC2 S2L-40-PC2 
uFmax-precrack - 
ufinal-precrack (mm) 
4.9 4.7 5.0 8.5 8.4 8.2 
uFcr-damage (mm) 5.8 5.8 5.6 11.7 10.0 11.7 
 
4.6.2.3 - Crack pattern and failure modes 
Figure 4.51 shows the final crack pattern of the tested RC slabs of the series IV. The values of the 
average distance between cracks are 100 mm, 93 mm and 93 mm, respectively for the slabs          
S2L-0-PC1, S2L-20-PC1 and S2L-40-PC1 and 101 mm, 92 mm and 100 mm, respectively for the 
slabs S2L-0-PC2, S2L-20-PC2 and S2L-40-PC2. During the tests of the RC slabs until the failure it 
was possible to observe that the cracks width have decreased by strengthening RC slabs with NSM 
CFRP laminates. When the final crack pattern of the NSM slabs is compared, it is possible to 
conclude that the length of the slab’s cracked band has decreased with the increase of the prestress 
level due to the initial compressive strain field introduced by the prestress. In fact the values of the 
slab’s cracked band are 1800 mm, 1540 mm and 1408 mm, respectively for the slabs S2L-0-PC1, 
S2L-20-PC1 and S2L-40-PC1 and 1818 mm, 1659 mm and 1403 mm, respectively for the slabs   
S2L-0-PC2, S2L-20-PC2 and S2L-40-PC2. Comparison of the final crack pattern of the series I and 
series IV indicates that applying pre-crack in RC slabs increases average distance between cracks and 
length of the slab’s cracked band however level of damage did not affect significantly on these 
parameters. 
Figure 4.52 shows crack pattern of S2L-40-PC2 slab after pre-cracking and after the test until failure. 
Based on this figure, main cracks after the monotonic test were almost the same as the main           
pre-cracks, only a few new main cracks were observed. Moreover there were a lot of small cracks 
near the CFRP laminates that confirms benefit of using NSM CFRP laminates for strengthening of 
damaged RC slabs. All strengthened slabs failed by the rupture of the CFRP laminate (see         
Figure 4.53) after the yielding of the tensile steel reinforcements.  
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RC slab strengthened with non-prestressed CFRP laminates: level of damage 1 (S2L-0-PC1 slab) 
 
 
RC slab strengthened with prestressed CFRP laminates - 20%: level of damage 1 (S2L-20-PC1 slab) 
 
 
RC slab strengthened with prestressed CFRP laminates - 40%: level of damage 1 (S2L-40-PC1 slab) 
a) First level of damage 
 
 
 
 RC slab strengthened with non-prestressed CFRP laminates: level of damage 2 (S2L-0-PC2 slab) 
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RC slab strengthened with prestressed CFRP laminates - 20%: level of damage 2 (S2L-20-PC2 slab) 
 
 
RC slab strengthened with prestressed CFRP laminates - 40%: level of damage 2 (S2L-40-PC2 slab) 
b) Second level of damage 
Figure 4.51 - Crack patterns of the tested RC slabs of the series IV. 
 
a) After pre-cracking 
 
                b) After the test until failure 
Figure 4.52 - Crack patterns of the S2L-40-PC2 slab after pre-cracking and after the test until failure. 
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Figure 4.53 - Failure mode of the tested RC slabs of the series IV (Rupture of the CFRP laminates). 
4.6.2.4 - Strains in CFRP laminates 
The maximum strain values recorded in the strain gauges installed in the CFRP laminates up to the 
maximum load (Fmax) of the slabs are indicated in the column “Total” of the Table 4.25. Each of these 
values is the addition of the strain at the end of the prestress phase (column “Prestressing”) with the 
maximum strain registered in the loading phase of the slab up to its Fmax (column “Test”). The 
maximum values of strain measured in the CFRP laminates (column “Total”), namely in SG-L1 of 
the strengthened slabs with the first level of damage, are quite close to the ultimate tensile strain of 
the CFRP, justifying the failure mode of these strengthened slabs and the high effectiveness of the 
NSM technique for the flexural strengthening of  damaged RC slabs.  
Table 4.25 - Maximum strain values recorded in CFRP laminates’ strain gauges up to the maximum load of the 
slabs (series IV). 
 
Slab  
SG-L1 (‰) SG-L2 (‰) SG-L3 (‰) 
Prestressing Test Total Prestressing Test Total Prestressing Test Total 
S2L-0-PC1 0.0 15.4 15.4 0.0 14.9 14.9 0.0 5.3 5.3 
S2L-20-PC1 3.1 12.1 15.1 3.3 10.7 14.0 3.3 2.5 5.8 
S2L-40-PC1 5.5 9.5 15.1 5.3 8.9 14.2 6.3 2.6 8.9 
S2L-0-PC2 0.0 13.7 13.7 0.0 11.9 11.9 0.0 3.9 3.9 
S2L-20-PC2 2.8 11.9 14.7 3.0 11.0 14.0 3.1 4.3 7.4 
S2L-40-PC2 5.5 9.6 15.0 5.8 8.6 14.4 6.1 1.9 8.0 
 
Figure 4.54 shows the relationship between the applied load and the strain in the SG-L1, SG-L2 and 
SG-L3 strain gauges (Figure 4.15). The initial strain of CFRP laminates in 0%, 20% and 40% 
prestressed slabs is indicated in Table 4.25. According to the Figure 4.54, the load-CFRP strain 
curves of the slabs were dependent to the position of the strain gauges. Strain gauges that were far 
from the cracks (after pre-cracking step), had a common configuration formed by the three phases 
Rupture 
of the 
CFRP 
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already mentioned in the analysis of the Figure 4.47 and Figure 4.48: 1) up to beginning the pre-
cracks progression: with an almost null variation; 2) between beginning the pre-cracks progression 
and yield initiation of the steel reinforcement, where the strain has increased with the load; 3) and 
between steel yield initiation and ultimate load, with an almost equal strain gradient in all the slabs, 
which is more pronounced than in the previous phase, due to the plastic stage of the steel 
reinforcement. Strain gauges that were near the cracks (after pre-cracking step), had a common 
configuration formed by the two phases: 1) up to yield initiation of the steel reinforcement, where the 
strain has increased with the load; 2) and between steel yield initiation and ultimate load, with an 
almost equal strain gradient in all the slabs.  
 
                              a) First level of damage                                                           b) Second level of damage 
Figure 4.54 - Load vs. strain in CFRP laminates (SG-L1, SG-L2 and SG-L3 strain gauges): a) first level of 
damage; b) second level of damage. 
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Figure 4.55 indicates position of SG-L1 and SG-L2 strain gauges in S2L-40-PC2 after applying the 
pre-cracks and after monotonic test until failure. Regarding this figure, SG-L2 was far from the crack 
(after pre-cracking step) and had the load-CFRP strain curve with three phases in the above 
mentioned while the SG-L1 strain gauge was near the crack (after pre-cracking step) and had the 
load-CFRP strain curve with two phases in the above mentioned. 
 
a) 
  
b) 
Figure 4.55 - Position of SG-L1 and SG-L2 strain gauges in S2L-40-PC2: a) after applying the pre-cracks; and 
b) after monotonic test until failure (Blue lines are cracks after applying the pre-crack and black lines are 
cracks after monotonic test of the strengthened slab). 
4.6.2.5 - Effect of the prestress 
To evaluate the effect of the prestress level of CFRP laminates on the overall flexural behavior of RC 
slabs, the values of loads (
Str
damagecrF  , 
Str
servF , 
Str
sy
F  and StrmaxF ) and corresponding deflection to 
Str
syF (
Str
Fsy
u ) 
and StrmaxF  (
Str
Fmax
u ) of the strengthened prestressed slabs are compared in Table 4.26 with those 
corresponding values of the reference slab ( Ref
serv
F , Ref
sy
F , Ref
max
F , 
Ref
Fsy
u and RefFmaxu ) and pre-cracked 
strengthened slab S2L-0-PC (
PCLS
damagecrF


02
). By considering these values, the parameters 
SG-L2 
SG-L1 
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PC-0-S2L
damagecrdamagecr FF  , 
Ref
serser FFΔ , Refsysy FFΔ , 
Ref
maxmax FFΔ  , 
Ref
FF syys
uuΔ and Ref
FF maxmax
uuΔ were evaluated 
and included in Table 4.26, where PC-0-S2L
damagecr
Str
damagecrdamagecr
FFF

Δ , Refserv
Str
servserv FFF Δ , 
Ref
sy
Str
sysy FFF Δ , 
Ref
max
Str
maxmax FFF Δ , 
Ref
F
Str
FF sysysy
uuu Δ  and Ref
F
Str
FF maxmaxmax
uuu Δ .  
The obtained results evidence that applying a prestress level of 20% and 40% in the CFRP laminates 
has provided an increase of, respectively, 36.1% and 65.7% in 
Str
damagecrF   in the first level of damage 
compared to the S2L-0-PC1 and an increase of, respectively, 56.6% and 110.8% in 
Str
damagecrF   in the 
second level of damage compared to the S2L-0-PC2. Furthermore, applying a prestress level of 0%, 
20% and 40% in the CFRP laminates has provided an increase of, respectively, 56.5%, 100% and 
155.8% in service load of the slabs with first level of damage and an decrease of 9.4% in 0% and an 
increase of, respectively, 83.3%, 126.1% in service load of the slabs with second level of damage. 
The obtained results also evidence that applying a prestress level of 0%, 20% and 40% in the CFRP 
laminates has provided an increase of, respectively, 62.9%, 83% and 121% in yielding load of the 
slabs with first level of damage and an increase of, respectively, 56.3%, 94.2% and 123.2% in 
yielding load of the slabs with second level of damage, and an increase of, respectively, 151.3%, 
132.3% and 141.8% in maximum load of the slabs with first level of damage and an increase of, 
respectively, 123.5%, 144.5% and 135.7% in maximum load of the slabs with second level of 
damage. However the yielding deflection has decreased in 0.7%, 5.7% and 6.4% by applying a 
prestress level of, respectively, 0%, 20% and 40% in first level of damage and a increase of, 
respectively, 21.9%, 8.7% and 7.1% in yielding deflection of the slabs with second level of damage 
for, respectively, 0%, 20% and 40% prestress level. The maximum deflection has also increased in 
7.5% for the prestress level of 0%, while it has decreased in 18.7% and 42.3% by applying a prestress 
level of, respectively, 20% and 40% in first level of damage and a decrease of, respectively, 3.7%, 
14.6% and 39.6% in maximum deflection of the slabs with second level of damage for, respectively, 
0%, 20% and 40% prestress level. Nonetheless, at StrFmaxu  all the prestressed slabs had already 
experienced a large incursion on the plastic stage of the steel reinforcement, therefore the level of 
ductility is still significantly high in the prestressed slabs. 
Figure 4.56 shows the effect of increasing the prestress level on the Fcr-damage, service, yielding and 
maximum loads with respect to the corresponding load values in the reference slab, SREF, and in the 
non-prestressed strengthened slab for first and second level of damage. This figure clearly evidences 
the pronounced favorable effect of the prestress level in terms of load carrying capacity of RC slabs at 
cracking, serviceability and at yield initiation stages, while the increase of maximum load was not 
significantly affected by the prestress level adopted. 
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Table 4.26 - Performance of the NSM technique by considering relevant results of the strengthened and 
reference slabs (Effect of the prestress - Series IV). 
Slab 
PC-0-S2L
damagecrdamagecr FF 
(%) 
Ref
servserv FFΔ
(%) 
 Refsysy FFΔ  
(%) 
Ref
FF syys
uuΔ
 (%) 
Ref
maxmax FFΔ
(%) 
Ref
FF maxmax
uuΔ
(%) 
S2L-0-PC1 - 56.5 62.9 -0.8 151.3 7.5 
S2L-20-PC1 36.1 100.0 83.0 -5.7 132.3 -18.7 
S2L-40-PC1 65.7 155.8 121.0 -6.6 141.8 -42.3 
S2L-0-PC2 - -9.4 56.3 21.9 123.5 -3.7 
S2L-20-PC2 56.6 83.3 94.2 8.7 144.5 -14.6 
S2L-40-PC2 110.8 126.1 123.2 7.1 135.7 -39.6 
 
 
                                                                            a) 
 
                                                                              b) 
Figure 4.56 - Effect of the prestress level on cracking, service, yielding and ultimate loads in the: a) first level 
of damage; and b) second level of damage. 
Figure 4.57 represents the effect of increasing the prestress level on the deflection at yielding and 
ultimate loads for the first and second level of damage. When compared to the corresponding values 
recorded in the reference slab, SREF, and non-prestressed slabs, it is verified a significant decrease of 
ultimate deflection with the increase of the prestress level, but the yielding deflection was not 
considerably affected by the prestress level. 
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 a)     b) 
Figure 4.57 - Effect of the prestress level on yielding and ultimate deflection in the: a) first level of damage; 
and b) second level of damage. 
Figure 4.58 shows the relation between the prestress level and the normalized value of energy 
consumed during the loading process of the slabs up to the uFmax (deflection at mid-span for the loads 
Fmax) for the first and second level of damage. This energy concept was calculated for each tested RC 
slab as the area under the load-deflection curve. The above mentioned normalized value of energy 
was obtained for two cases: the ratio between the energy of the strengthened RC slab and the energy 
of the reference RC slab (SREF) and the ratio between the energy of the prestressed strengthened RC 
slab and the energy of the non-prestressed strengthened RC slab (S2L-0-PC1 and S2L-0-PC2). For 
the both two cases it is observed an almost linear decrease of the energy consumed with the increase 
of the prestress level.  
     
   a)     b) 
Figure 4.58 - Effect of increasing the prestress level on the ductility of the RC slabs: a) first level of damage; 
b) second level of damage. 
4.6.2.6 - Influence of the level of damage 
In the present section the influence of level of damage on the efficacy of the NSM technique with 
prestressed CFRP laminates is assessed by comparing the results of the series IV described in previous 
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sections with the results of the series I explained in the section 4.3. In the series I of tests, the 
geometry of RC slabs, arrangement of NSM CFRP laminates and reinforcements, loading 
configuration and support conditions presented in Figure 4.2 and Figure 4.3 were the same as adopted 
in the present experimental program, but the RC slabs were tested without any level of damage. 
Figure 4.59 compares relation between load vs. deflection at mid-span in the tested RC slabs with 
different levels of damage. This comparison was performed for the slabs of the above mentioned 
series in each level of prestress (0%, 20% and 40%). The results were also compared with the SREF 
(reference slab in series I). 
To evaluate the effect of level of damage on the efficacy of the NSM technique with prestressed 
CFRP laminates, for both above mentioned series of tests, the values of forces ( StrservF , 
Str
syF  and 
Str
maxF ) of 
the prestressed strengthened slabs are compared with those values of the corresponding reference slab 
( Ref
serv
F , RefsyF  and 
Ref
max
F ). Furthermore, the deflection corresponding to StrmaxF (
Str
Fmax
u ) of the prestressed 
strengthened slabs are compared with the value of the corresponding strengthened slab without 
prestressed S2L-0 ( 0L2S
Fmax
u  ). By considering these values, the parameters Refserser FFΔ , Refsysy FFΔ , 
Ref
maxmax FFΔ  and 
0L2S
FF maxmax
uu Δ  were evaluated for the RC slabs of the series I and IV of tests                  
( Refserv
Str
servserv FFF Δ , 
Ref
sy
Str
sysy FFF Δ , 
Ref
max
Str
maxmax FFF Δ  and 0L2SF
Str
FF maxmaxmax
uuu Δ ), and the results 
obtained are included in Table 4.27 and Figure 4.60. 
Based on the results, by applying a 20% prestress level in the NSM CFRP laminates of the slabs with 
level of damage of 0, 1 and 2, the service load has increased by 76%, 100 and 83%, respectively, 
when compared to the corresponding values of the reference slab, while 40% prestress level provided 
and increase of 124%, 156 and 126%, respectively. By applying 20% of prestress in RC slabs with 
level of damage of 0, 1 and 2, the yielding load has increased, respectively, 90%, 83% and 94%, 
while 40% of prestress has guaranteed an increase of 115%, 121% and 123%, respectively. By 
applying 20% of prestress in RC slabs with level of damage of 0, 1 and 2, the maximum load has 
increased, respectively, 129%, 132% and 145%, while 40% of prestress has guaranteed an increase of 
129%, 142 and 136%, respectively. The decrease of the ultimate deflection of prestressed slabs 
(compared to the corresponding values of the S2L-0) with level of damage of 0, 1 and 2 was, 
respectively, 27%, 24% and 11%, by applying 20% of prestress while 40% of prestress has provided 
an decrease of 44%, 46% and 37%. 
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a) 
 
b) 
 
c) 
4.59 - Comparison of the Load vs. deflection at mid-span in the tested RC slabs with different levels of 
damage: a) non-prestress strengthened slabs; b) 20% prestress slabs; and c) 40% prestress slabs. 
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Table 4.27 - Influence of the level of damage in the effectiveness of the prestressed NSM CFRP laminates. 
Level of 
prestress 
(%) 
Ref
servserv FFΔ  
(%) 
Ref
sysy FFΔ  
(%) 
Ref
maxmax FFΔ  
(%) 
0L2S
FF maxmax
uu Δ  
(%) 
Level of damage Level of damage
 
Level of damage
 
Level of damage 
0 1 2 0 1 2 0 1 2 0 1 2 
0% 24.9 56.5 -9.4 44.6 62.9 56.3 115.1 151.3 123.5 - - - 
20% 75.8 100.0 83.3 90.4 83.0 94.2 129.0 132.3 144.5 -27.1 -24.3 -11.4 
40% 123.8 155.8 126.1 114.7 121.0 123.2 128.7 141.8 135.7 -44.0 -46.3 -37.3 
 
  
                                             a)                                                                                        b) 
        
                    c)                                                                                            d) 
Figure 4.60 - Influence of the level of damage in the effectiveness of the prestressed NSM CFRP laminates in 
terms of: a) service load; b) yielding load; c) maximum load; and d) maximum deflection. 
Based on the results, in the non-prestressed strengthened slabs with level of damage of 0 and 1, the 
service load has increased by 25% and 57%, respectively, when compared to the corresponding 
values of the reference slab but with the level of damage 2, service load has decreased 9%. This 
decrease was because of the presence of one crack in the middle of S2L-0-PC2 slab before the 
application of pre-cracks that decreased the stiffness of the slab. 
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By applying different level of prestress (0%, 20% and 40%) in RC slabs with different level of 
damage (0, 1 and 2), the increasing of the maximum load had ranged between115%-151% (compared 
to the corresponding values of the reference slab) and decreasing in the ultimate deflection had 
ranged between 11%-46% (compared to the corresponding values of the S2L-0). This shows that the 
CFRP laminates completely contributed in the flexural strengthening of the all RC slabs. Regardless 
of the level of damage applied to the RC slabs, all the strengthened slabs failed by rupture of the 
CFRP laminates after yielding of the tension steel reinforcement showing that level of damage     
does not change failure modes of the RC slabs. This proves the high effectiveness of the NSM 
technique for the flexural strengthening of RC slabs. 
According to these results, regardless of the level of damage, by increasing the prestress level in the 
NSM CFRP laminates, the load caring capacity of the RC slabs in service and yielding has improved 
(Figure 4.60-a and 4.60-b). The effect of the prestress level for increasing of the service loads was 
more noticeable in the slabs with the first level of damage. By increasing the prestress level in the 
NSM CFRP laminates, the increase of the ultimate load carrying capacity of the slabs with different 
level of damage was almost the same regardless of the prestress level (4.60-c) but the deflection at the 
maximum load has decreased with increasing of the prestress level (4.60-d). Regardless of the 
prestress level, decreasing the ultimate deflection was more noticeable in the slabs with the second 
level of damage. Therefore level of damage has small influence on the flexural strengthening 
effectiveness in terms of ultimate load carrying capacity of RC slabs since in all the tested slabs 
tensile rupture of the CFRP laminates was the governing failure mechanism. 
4.6.3 - Conclusions (Series IV) 
In the series IV of tests (Table 4.1), the effect of the level of the damage on the behavior of the RC 
slabs flexurally strengthened with the prestressed NSM CFRP laminates was assessed. From the 
experimental results obtained it can be concluded that: 
 Regardless of the level of damage applied to RC slabs before strengthening and also regardless of 
the prestress level of the CFRP laminates adopted in this experimental program, the NSM 
technique with CFRP laminates is highly effective for the flexural strengthening of RC slabs. In 
fact, the adopted CFRP flexural strengthening configuration has provided an increase in terms of 
maximum load that ranged between 115% and 151% of the maximum load of the reference RC 
slab.  
 After comparing the results with the slabs of the series I without any level of damage (that 
provided an increase in terms of maximum load ranged between 115% and 133% of the maximum 
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load of the reference RC slab), it is concluded that level of damage had small influence on the 
flexural strengthening effectiveness in terms of ultimate load carrying capacity of RC slabs. 
 Strengthening damaged RC slabs with prestressed NSM CFRP laminates resulted in a significant 
increase of load carrying capacity at serviceability and ultimate limit states. By applying a 20% 
prestress level in the NSM CFRP laminates, the service and ultimate loads increased more than 
83% and 132%, respectively, when compared to the corresponding values of the reference slab. A 
40% prestress level resulted an increase at least of 126% and 135%, respectively. Like as occurred 
in terms of the service load, the load carrying capacity corresponding to the steel yield initiation 
(yield load) has a tendency to increase with the prestress level: by applying NSM CFRP laminates 
at 20% and 40%, the yield load increased at least 83% and 121%, respectively.  
 The effect of the prestress level for increasing of the service loads was more noticeable in the slabs 
with the first level of damage. These increasing were, respectively, 100% and 156% when 
compared to the corresponding values of the reference slab by applying 20% and 40% prestress 
levels in the NSM CFRP laminates. 
 By increasing the prestress level in the NSM CFRP laminates, the deflection at the maximum load 
of the slabs decreased. However, the deflection at maximum load was more than 1.9 times the 
deflection at yield initiation. 
 By applying different level of prestress (0%, 20% and 40%) in RC slabs with different level of 
damage (0, 1 and 2), the increasing of the maximum load had ranged between115%-151% 
(compared to the corresponding values of the reference slab) and decreasing in the ultimate 
deflection had ranged between 11%-46% (compared to the corresponding values of the S2L-0). 
This shows that the CFRP laminates completely contributed in the flexural strengthening of the 
all RC slabs. Regardless of the level of damage applied to the RC slabs, all the strengthened slabs 
failed by rupture of the CFRP laminates after yielding of the tension steel reinforcement showing 
that level of damage does not change failure modes of the RC slabs. This proves the high 
effectiveness of the NSM technique for the flexural strengthening of RC slabs. 
 Damaged RC slabs after strengthening resisted for new cracks until deflection attain to the    
uFmax-precrack - ufinal-precrack.  
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4.7 -  GENERAL ANALYSIS OF THE RESULTS 
In this section, the results of all series of tests are compared to evaluate the influence of the 
parameters that were considered in the experimental research of this thesis. Effect of the prestress 
level and the concrete compressive strength in the effectiveness of the NSM CFRP laminates in terms 
of cracking, service, yielding and maximum load and maximum deflection is indicated in Figure 4.61.  
      
 a) b) 
      
 c) d) 
 
           e) 
Figure 4.61 - Effect of the prestress level and concrete strength in the effectiveness of the NSM CFRP 
laminates in terms of: a) cracking load; b) service load; c) yielding load; d) maximum load; and e) maximum 
deflection. 
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According to the Figure 4.61, regardless of the concrete compressive strength, by increasing the 
prestress level, the load caring capacity of the RC slabs in cracking, service and yielding has 
improved (Figure 4.61-a, 4.61-b and 4.61-c). In the RC slabs with lower concrete compressive 
strength, higher levels of the prestress increased more considerably the cracking and service loads 
than the slabs with higher concrete compressive strength. By increasing the prestress level, the 
increase of the yielding and the ultimate load of the slabs with different concrete compressive 
strength was almost the same regardless of the prestress level (Figure 4.61-c and 4.61-d) but the 
deflection at the maximum load has decreased (Figure 4.61-e). Therefore the NSM technique with 
prestressed CFRP laminates was more effective in the lowest concrete strength class series of slabs, 
mainly at serviceability limit state conditions. 
Figure 4.62 indicates the effect of the prestress level and the percentage of the longitudinal 
reinforcement in the effectiveness of the NSM CFRP laminates in terms of cracking, service, yielding 
and maximum load and maximum deflection. According to the Figure 4.62, regardless of the 
percentage of the longitudinal reinforcement, by increasing the prestress level, the load carrying 
capacity of the RC slabs in cracking, service and yielding has improved (Figure 4.62-a, 4.62-b and 
4.62-c). In the RC slabs with lower percentage of the longitudinal reinforcement, higher levels of the 
prestress increased more considerable the service and yielding loads than the slabs with higher 
percentage of the longitudinal reinforcement. By increasing the prestress level, the ultimate load 
carrying capacity of the slabs was almost the same regardless of the percentage of the longitudinal 
reinforcement (Figure 4.62-d) but the deflection at the maximum load has decreased (Figure 4.62-e). 
Regardless of the prestress level, with increasing the percentage of the longitudinal reinforcement, 
increasing in maximum load for RC slabs has decreased significantly compared to the reference slab. 
Therefore the NSM technique with prestressed CFRP laminates was more effective in the case of the 
slabs with lower percentage of the longitudinal bars, both for serviceability and ultimate limit states. 
Figure 4.63 indicates the effect of the prestress level on cracking, service, yielding and ultimate load 
and ultimate deflection in all series of the tests of the extensive experimental program presented in 
this thesis. Regarding the Figure 4.63, prestress level has increased significantly cracking, service and 
yielding loads in all series of the slabs. The series III of slabs (with low strength concrete) had the 
highest increments in cracking and service loads and series II (with higher percentage of the tensile 
steel bars) had the lowest increments in service, yielding and maximum loads. Application of 
prestress in the NSM CFRP laminates increased the yielding load of the slabs and this increment was 
approximately the same with changing the level of damage and concrete compressive strength. In all 
series of the RC slabs (except series II), increasing of the maximum load in different levels of 
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prestress was almost the same. Except of the second level of damage of the series IV, the effect of 
prestress level for decreasing the maximum deflection in all series was almost the same.  
      
 a) b) 
      
 c) d) 
 
          e) 
 Figure 4.62 - Effect of the prestress level and percentage of the longitudinal reinforcement in the 
effectiveness of the NSM CFRP laminates in terms of: a) cracking load; b) service load; c) yielding load; d) 
maximum load; and e) maximum deflection. 
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 a) b) 
      
 c) d) 
 
          e) 
Figure 4.63 - Effect of the prestress level on: a) cracking load; b) service load; c) yielding load; d) ultimate 
load; and e) maximum deflection. 
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4.8 -  CONCLUSIONS 
By carrying out an extensive experimental research, the influence of the level of prestress, percentage 
of existing steel reinforcement, concrete quality and effect of damage prior the application of the 
CFRP on the flexural behavior of RC slabs strengthened with prestressed NSM CFRP laminates was 
assessed. From the experimental results obtained it can be concluded that: 
 Regardless of the prestress level of the CFRP laminates adopted in this experimental program, the 
NSM technique with CFRP laminates is highly effective for the flexural strengthening of RC slabs 
with different concrete class, different steel reinforcements and different level of damage. In fact, 
the adopted CFRP flexural strengthening configuration has provided an increase in terms of 
maximum load that ranged between 59% and 151% of the maximum load of the reference RC 
slab. 
 Strengthening RC slabs with the presented method in this thesis resulted in a significant increase 
of load carrying capacity at serviceability limit states. The adopted prestressed (ranged between 
20%-50%) NSM CFRP configuration for the flexural strengthening of RC slabs with different 
concrete class, different steel reinforcements and different level of damage provided an increase in 
terms of service load that ranged between 42% and 190% of the service load of the reference RC 
slab.  
 By increasing the prestress level in the NSM CFRP laminates the overall flexural behavior of the 
slabs at service condition was improved, but the deflection at the maximum load of the slabs 
decreased with the increase of the prestress level. However, the deflection at maximum load was 
more than 1.6 times the deflection at yield initiation, with significant plastic incursion of the steel 
reinforcement, which assures the required level of deflection ductility for this type of RC 
structures. 
 Regardless of the prestress level applied to the CFRP laminates, the percentage of existing steel 
reinforcement, the concrete quality and the level of damage analyzed, all the strengthened slabs 
failed by rupture of the CFRP laminates after yielding of the tension steel reinforcement. This 
failure mode proved the high effectiveness of the NSM technique for the flexural strengthening of 
RC slabs. 
 When the same NSM CFRP laminates arrangements were applied in a group of slabs with lower 
percentage of the longitudinal tensile reinforcement (sl) equal to 0.39% (48) and in another 
group of slabs with sl equal to 0.62% (410), the results obtained showed that the NSM technique 
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with prestressed CFRP laminates was more effective in the case of the slabs with lower percentage 
of the longitudinal bars, both for serviceability (the average value of increasing in service load for 
RC slabs with lower and higher percentage of the longitudinal tensile reinforcement was, 
respectively, 100% and 60.5% compared to the corresponding values of the reference slab) and for 
ultimate limit states (the average value of increasing in maximum load for RC slabs with lower 
and higher percentage of the longitudinal tensile reinforcement was, respectively, 129% and 
61.4% compared to the corresponding values of the reference slab). 
 When the same NSM CFRP laminates arrangements were applied in a group of slabs of concrete 
compressive strength (fcm) equal to 15 MPa and in another group of slabs of fcm = 40 MPa, the 
results obtained showed that the NSM technique with prestressed CFRP laminates was more 
effective in the lowest concrete strength class series of slabs, mainly at serviceability limit state 
conditions (the average value of increasing in service load for RC slabs with lower and higher 
compressive strength was, respectively, 156.5% and 100% compared to the corresponding values 
of the reference slab). 
 Regardless of the level of damage, the NSM technique with prestressed CFRP laminates is highly 
effective for the flexural strengthening of pre-cracked RC slabs in terms of maximum load 
compared to the reference RC slab (the average value of increasing in the maximum load for RC 
slabs without damage, first level and second level of damage was, respectively, 129%, 137% and 
140.5% compared to the corresponding values of the reference slab). Therefore level of damage 
has small influence on the flexural strengthening effectiveness in terms of the ultimate load 
carrying capacity of RC slabs. 
 Damaged RC slabs after strengthening resisted for new cracks until deflection attain to the    
uFmax-precrack - ufinal-precrack.  
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Chapter 5 
Evaluation of strain loss 
 
 
For obtaining an accurate estimation of prestressed load in CFRP laminates before the failure test of 
the slabs, it was necessary to quantify the variation of prestressed load over time. For this purpose, 
values of strain in the CFRP laminates had been surveyed over time using strain gauges to obtain 
strain loss values. In this chapter variation of strain loss has also been investigated along the length of 
the slabs. 
5.1 - STRAIN LOSS OVER TIME 
Values of strain in the CFRP laminates were surveyed during the time period (between releasing the 
prestressing load and the slab test) in order to evaluate the strain loss over time. The reduction of 
strain values in terms of the percentage of the initial prestress strain was quantified for all prestressed 
strengthened slabs of the experimental program described in chapter 3 (2 prestressed NSM slabs) and 
chapter 4 (12 prestressed NSM slabs) and was considered as strain loss.  
The arrangement of the strain gauges (SG-L1 to SG-L6) applied on the two CFRP laminates in the 
prestressed strengthened slabs is indicated in Figure 5.1. SG-L4, SG-L5 and SG-L6 were installed 
near the end of CFRP laminates to better determine prestress loss. In order to obtain the strain loss in 
different parts of the laminate, the location of SG-L4 had been changed in different series of the RC 
slabs as indicated in Table 5.1 in terms of the distance A (Figure 5.1).  
 
Figure 5.1 - Position of the strain gauges in the NSM CFRP laminates of the prestressed slabs (dimensions in 
mm). 
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During the application of the prestress load until the slab failure loading, all strain gauges were 
continuously monitored. A data acquisition was used to record the strain values in CFRP laminates 
which is indicated in Figure 5.2. Table 5.2 shows the period of time that the strain of CFRP laminates 
was recorded for each tested prestressed slab. 
  
Figure 5.2 - Recording strains in the prestressed slab. 
Table 5.1 - Values of the distance A (location of the strain gauge SG-L4) in the prestressed slabs. 
Series Preliminary 
(1)
 Series I 
(1)
 Series II Series III Series IV 
Distance A
(2) 
(mm) - - 100 100 50 
(1)   In this series it was not adopted SG_L4. 
(2)   Distance from SG-L5 to SG-L4 in the direction of longitudinal axis of slab (see Figure 5.1) 
 
Table 5.2 - Period of time for recording the strains in CFRP laminates after releasing the prestressing load. 
Series Preliminary Series I Series II 
Slab S2L-20 S2L-40 S2L-20 S2L-30 S2L-40 S2L-50 S2L-20 S2L-40 
Time 
(days) 
36 28 7 7 7 4 7 7 
Series Series III Series IV 
Slab S2L-20 S2L-40 S2L-20-PC1 S2L-40-PC1 S2L-20-PC2 S2L-40-PC2 
Time 
(days) 
7 7 24 23 18 14 
 
5.1.1 - Preliminary tests (Chapter 3) 
Figure 5.3-a shows the variations of strain on the CFRP laminates in the two prestressed slabs of the 
preliminary test (slabs with 20% and 40% of prestress) during less than one day after releasing the 
prestress load and Figure 5.3-b shows the variations of strain on the CFRP laminates during around 
one month after releasing the prestressing loads on these slabs (36 days in the case of S2L-20 slab 
and 28 days in the case of S2L-40).  
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                                           a)                                                                                         b) 
Figure 5.3 - Strains in the CFRP vs. time after releasing the prestress load in the preliminary test: a) during the 
first 24 hours; and b) during one month. 
Table 5.3 shows the strain loss that was calculated using equation (5.1): 
𝑆𝑡𝑟𝑎𝑖𝑛 𝑙𝑜𝑠𝑠 =  (𝜀𝑝 − 𝜀𝑡) ∗ 100/𝜀𝑝 (5.1) 
Where, 𝜀𝑝 is the strain recorded before releasing the prestress load and 𝜀𝑡 is the strain measured after 
24 hours, one week and immediately before the slab test. As Table 5.3 shows, when the prestressing 
loads were released, the closest strain gauge to the free extremity of the laminate (SG-L6, that was at 
a distance of 25 mm from this extremity) recorded a maximum strain loss of about 40% and 54% in 
the S2L-20 and S2L-40 slabs, respectively, after 36 and 28 days (immediately before the final test of 
the slabs). The value of strain loss for this SG in S2L-20 slab after 24 hours and one week was the 
same as 36 days after releasing but the strain loss in this SG in S2L-40 slab after 24 hours was 47% 
and after one week was the same as after 28 days. This decrease is due to the loss of prestress in 
consequence of the deformability of the adhesive layer, concrete deformability and eventual sliding at 
concrete-adhesive-laminate interfaces. The rest of the strain gauges showed a strain loss less than 8% 
for both slabs, which indicated that the main part of the prestressing load was transferred to the 
concrete. Regarding the results, significant part of strain loss in this series occurred during 24 hours 
after releasing. The difference of the strain loss between seven days and one day after releasing in the 
SG-L5 and SG-L6 strain gauges was not more than 6.7%. It was not observed strain loss more than 
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0.5% after 7 days (that was difference between strain loss in S2L-40 after 28 and 7 days after 
releasing).  
Table 5.3 - Values of strain loss in the prestressed slabs of the preliminary tests. 
 
Slab 
Day after 
releasing 
Strain loss (%) 
SG-L1 SG-L2 SG-L3 SG-L4
 (1)
 SG-L5 SG-L6 
S2L-20 
(20% of 
prestress) 
1 3.0 4.7 5.5 - 6.3 40.1 
7 3.0 4.7 5.5 - 6.3 40.1 
36 3.0 4.7 5.5 - 6.3 40.1 
S2L-40 
(40% of 
prestress) 
1 1.2 0.7 1.1 - 4.8 47.1 
7 2.4 1.9 2.2 - 7.5 53.8 
28 2.4 1.9 2.2 - 7.7 54.3 
(1)   It was not adopted SG_L4 in this series. 
5.1.2 - Series I of the extensive experimental program (Chapter 4) 
Figure 5.4-a shows the variations of strain on the CFRP laminates in the four prestressed slabs of 
series I (slabs with 20%, 30%, 40% and 50% of prestress), during less than one day after releasing the 
prestress. Figure 5.4-b shows the variations of strain on the CFRP laminates during one week after 
releasing the prestressing loads on the four prestressed slabs of series I (in the S2L-50 slab the strains 
were only recorded for four days).  
Table 5.4 shows the strain loss after 24 hours and after one week (in the S2L-50 slab the strains were 
only recorded for four days) after releasing the prestress on the CFRP laminates in series I. As shown 
in the Table 5.4, 24 hours after releasing the prestressing loads, the strain loss recorded by SG-L6 (the 
closest strain gauge to the free extremity of the laminate) was 76.7%, 51.2%, 58.2% and 65.7% in the 
S2L-20, S2L-30, S2L-40 and S2L-50 slabs, respectively. After seven days, a strain loss of about 
79.2%, 53.5% and 62.7% was recorded by SG-L6 in the S2L-20, S2L-30 and S2L-40 slabs, 
respectively. After four days, a strain loss of about 68.6% was recorded by SG-L6 in the S2L-50 slab. 
After seven days of prestress release, the others strain gauges showed a strain loss less than 6.7%, 
5.7% and 8.9% for the S2L-20, S2L-30 and S2L-40 slabs, respectively. A strain loss less than 10.4% 
was registered in the S2L-50 four days after releasing the prestressing load. Like as occurred in the 
prestressed slabs of the preliminary tests, the obtained results of the prestressed slabs of the series I 
indicated that the main part of the prestressing load was transferred to the concrete slab. Regarding 
the results, significant part of strain loss in this series occurred during 24 hours after releasing. The 
difference of the strain loss between seven days (four days in S2L-50 slab) and one day after 
releasing in all strain gauges of this series was not more than 4.5%. 
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  a)                                                                               b) 
Figure 5.4 - Strains in the CFRP vs. time after releasing the prestressing load in the series I: a) during the first 
24 hours; and b) during one week. 
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Table 5.4 - Values of strain loss in the prestressed slabs of series I. 
 
Slab 
Days 
after 
releasing 
Strain loss (%) 
SG-L1 SG-L2 SG-L3 SG-L4 SG-L5 SG-L6
(1) 
S2L-20 
(20% of 
prestress) 
1 0.8 1.0 1.0 - 5.3 76.7 
7 0.8 1.0 1.0 - 6.7 79.2 
S2L-30 
(30% of 
prestress) 
1 0.8 0.0 1.0 - 4.4 51.2 
7 1.0 0.0 1.1 - 5.7 53.5 
S2L-40 
(40% of 
prestress) 
1 1.2 1.4 1.1 - 5.7 58.2 
7 1.8 2.3 1.6 - 8.9 62.7 
S2L-50 
(50% of 
prestress) 
1 1.5 1.5 1.7 - 7.9 65.7 
4 1.9 1.9 1.9 - 10.4 68.6 
(1)  This strain gauge in S2L-20 slab was at a distance of 20 mm from free extremity of the CFRP laminate. 
5.1.3 - Series II of the extensive experimental program (Chapter 4) 
Figure 5.5-a and Figure 5.5-b shows the variations of strain on the CFRP laminates, respectively, 
during less than one day and during one week after releasing the prestressing loads on the two 
prestressed strengthened slabs of series II (slabs with 20% and 40% of prestress).  
 
     a)                                                                            b) 
Figure 5.5 - Strains in the CFRP vs. time after releasing the prestress load in the series II: a) during the first 24 
hours; and b) during one week. 
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Table 5.5 shows the strain loss after 24 hours and one week after releasing the prestressing load on 
the CFRP laminates of two prestressed slabs of this series. As this table shows, when the prestressing 
loads were released, the closest strain gauge to the free extremity of the laminate (SG-L6) recorded 
after seven days a strain loss of about 42.9% and 52.7% in the S2L-20 and S2L-40 slabs, respectively 
(after 24 hours the strain loss in this SG was 35.2% and 46.0%, respectively). After seven days, the 
rest of the strain gauges showed a strain loss less than 4.9% and 5.1% for the S2L-20 and S2L-40 
slabs, respectively, which indicated that the main part of the prestressing load was transferred to the 
concrete slab.   
Table 5.5 - Values of strain loss in the prestressed slabs of the slabs of series II. 
 
Slab 
Days 
after 
releasing 
Strain loss (%) 
SG-L1 SG-L2 SG-L3 SG-L4 SG-L5 SG-L6 
S2L-20 
(20% of 
prestress) 
1 0.8 0.9 1.0 1.1 2.5 35.2 
7 2.0 1.6 2.3 2.7 4.9 42.9 
S2L-40 
(40% of 
prestress) 
1 2.1 1.9 2.0 2.0 4.4 46.0 
7 2.1 1.9 2.0 2.0 5.1 52.7 
 
Regarding the results, significant part of strain loss in this series occurred during 24 hours after 
releasing. The difference of strain loss between seven days and one day after releasing in the SG-L5 
and SG-L6 strain gauges was not more than 7.7%. 
5.1.4 - Series III of the extensive experimental program (Chapter 4) 
Figure 5.6-a and Figure 5.6-b shows the variations of strains on the CFRP laminates, respectively, 
during less than one day and during one week after releasing the prestressing loads on the two 
prestressed strengthened slabs of series III (slabs with 20% and 40% of prestress).  
Table 5.6 shows the strain loss at the end of one day and one week after releasing the prestress on the 
CFRP laminates of prestressed slabs of this series. As this table shows, when the prestressing loads 
were released, the closest strain gauge to the free extremity of the laminate (SG-L6) recorded after 
one week a strain loss of about 48.2% and 50.1% in the S2L-20 and S2L-40 slabs, respectively (after 
24 hours the strain loss in this SG was 38.7% and 47.1%, respectively). After one week, the rest of 
the strain gauges showed a strain loss less than 9% and 13% for the S2L-20 and S2L-40 slabs, 
respectively. According to these results in this series is also possible to conclude that the main part of 
the prestressing load was transferred to the concrete slab.  Regarding the results, considerable part of 
loss of strain in this series occurred during 24 hours after releasing. The difference of the strain loss 
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between seven days and one day after releasing in the SG-L5 and SG-L6 strain gauges was not more 
than 9.5%. 
 
  a)                                                                                 b) 
Figure 5.6 - Strains in the CFRP vs. time after releasing the prestress load in the series III: a) during the first 24 
hours; and b) during one week. 
Table 5.6 - Values of strain loss in the prestressed slabs of the slabs of series III. 
 
Slab 
Days 
after 
releasing 
Strain loss (%) 
SG-L1 SG-L2 SG-L3 SG-L4 SG-L5 SG-L6 
S2L-20 
(20% of 
prestress) 
1 2.2 0.9 0.9 1.1 3.2 38.7 
7 7.4 5.0 5.0 5.9 8.8 48.2 
S2L-40 
(40% of 
prestress) 
1 1.8 1.8 1.7 2.2 10.0 47.1 
7 2.5 2.2 2.2 2.9 12.7 50.1 
 
5.1.5 - Series IV of the extensive experimental program (Chapter 4) 
Figure 5.7 shows the variations of strains on the CFRP laminates during less than one day and during 
at the final time of recording strains after releasing the prestressing loads on the four prestressed 
strengthened slabs of series IV (two slabs with 20% and two slabs 40% of prestress).  
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     a)       b) 
Figure 5.7 - Strains in the CFRP vs. time after releasing the prestress load in the series IV: a) during the first 24 
hours; and b) during the prestressing phase. 
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closest strain gauge to the free extremity of the laminate (SG-L6) recorded at the end of prestressing 
phase a strain loss of about 27.3%, 53%, 35.4% and 57.4% in the S2L-20-PC1, S2L-40-PC1, S2L-20-
PC2 and S2L-40-PC2 slabs, respectively. The value of strain loss for this SG after 24 hours and one 
week after releasing in S2L-20-PC1 slab was, respectively, 23.2% and 26.8%, in S2L-40-PC1 was, 
respectively, 45.4% and 50.5%, in S2L-20-PC2 slab was, respectively, 26.6% and 32.2% and in        
S2L-40-PC2 was, respectively, 48.9% and 51.9%. The rest of the strain gauges showed a strain loss 
less than 14% for all slabs which indicated that the main part of the prestressing load was transferred 
to the concrete slab. Regarding the results, significant part of strain loss in this series occurred during 
24 hours after releasing. The difference of the strain loss between seven days and one day after 
releasing in the strain gauges of this series was not more than 5.6%. The maximum value of the 
additional strain loss after 7 days was 5.5% (that was difference between strain loss SG-L6 strain 
gauge of S2L-40-PC2 slab, respectively, 14 and 7 days after releasing). 
Table 5.7 - Values of strain loss in the prestressed slabs of the series IV. 
Slab 
Days after 
releasing 
Strain loss (%) 
SG-L1 SG-L2 SG-L3 SG-L4 SG-L5 SG-L6 
S2L-20-PC1 
(20% of 
prestress) 
1 3.6 0.0 0.0 0.0 0.5 23.2 
7 3.7 0.0 0.0 0.0 0.5 26.8 
24 5.0 0.0 0.0 0.0 0.5 27.3 
S2L-40-PC1 
(40% of 
prestress) 
1 10.2 13.7 0.6 0.8 2.5 45.4 
7 10.2 13.8 0.6 0.8 3.0 50.5 
23 10.6 14.0 0.6 0.8 3.9 53.0 
S2L-20-PC2 
(20% of 
prestress) 
1 10.5 2.7 0.6 1.2 2.1 26.6 
7 11.2 2.7 0.6 1.2 2.1 32.2 
18 12.7 4.4 1.6 2.2 3.1 35.4 
S2L-40-PC2 
(40% of 
prestress) 
1 7.1 3.4 0.0 0.0 10.5 48.9 
7 7.1 3.4 0.0 0.0 10.5 51.9 
14 10.1 5.9 1.6 1.6 14.2 57.4 
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5.2 - STRAIN LOSS ALONG THE LENGTH OF THE SLAB 
Figure 5.8 shows the strain loss in the CFRP laminates along the length of the slabs for the tested 
prestressed strengthened slabs of the experimental program described in chapter 3 (Preliminary tests 
with 2 prestressed NSM slabs) and chapter 4 (Series I to IV with 12 prestressed NSM slabs).  
   
                                                    a)                                                                                                 b)  
   
                                                    c)                                                                                             d)  
 
e) 
Figure 5.8 - Strains loss in the CFRP laminate along the length of the slabs: a) preliminary; b) series I; c) series 
II; d) series III; and e) series IV. 
Preliminary Series I 
Series II Series III 
Series IV 
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Based on the Figure 5.8, in the prestressed slabs with the exception of series IV (pre-cracked 
specimens), after a specific length from the free extremity of the CFRP laminates up to the middle of 
the slabs, the strain loss was almost constant along the length of the CFRP laminate with a minimum 
value. The experimental results of the present study showed that this specific length isn't higher than 
150 mm (results of SG-L4 strain gauges, see Table 5.7).  
Figure 5.9 indicates a relation between strain loss and distance from the end of CFRP bonded length. 
This figure has been drawn based on the nonlinear regression of the results of the all prestressed slabs 
in each prestress level with the enough accuracy.  
 
Figure 5.9 - Loss of strains vs. distance from the end of CFRP bonded length. 
In series IV, the SG-L3, SG-L4, SG-L5 and SG-L6 strain gauges showed the same behavior as the 
other series of the slabs but in this series, SG-L1 and SG-L2 strain gauges sometimes showed higher 
values of strain loss (between 0%-14%). In order to understand this occurrence, Figure 5.10 shows 
the location of SG-L1 and SG-L2 strain gauges on prestressed slabs of series IV where it is possible 
to see that in some cases the strain gauges were near the pre-cracks like SG-L1 in S2L-20-PC2,   
S2L-40-PC1 and S2L-40-PC2 slabs and also SG-L2 in S2L-40-PC1 slab. 
Table 5.7 showed that the loss of strain for SG-L1 in S2L-20-PC2, S2L-40-PC1 and S2L-40-PC2 
slabs and also SG-L2 in S2L-40-PC1 slab are more than 10%, and loss of strain for the rest of the  
SG-L1 and SG-L2 strain gauges are less than 6%. Comparison of the Table 5.7 and Figure 5.10 
shows that where the strain gauges are near the cracks, loss of strain is higher than the strain gauges 
far from cracks. To confirm about this theory, in the S2L-40-PC2 slab a new strain gauge was 
installed in a CFRP laminate. This strain gauge was installed close to the mid-span of the slab but in 
non-cracked section. Figure 5.11 and Figure 5.12 show the position of the all strain gauges in       
S2L-40-PC2 slab including the new strain gauge (SG-L0).  
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a) S2L-20-PC1            b) S2L-20-PC2 
    
 c) S2L-40-PC1                                           d) S2L-40-PC2 
Figure 5.10 - Location of SG-L1 and SG-L2 strain gauges on the RC slabs of the series IV: a) S2L-20-PC1; b) 
S2L-20-PC2; c) S2L-40-PC1; and d) S2L-40-PC2. 
 
Figure 5.11 - Position of the strain gauges in the S2L-40-PC2 slab (Dimensions in mm). 
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Figure 5.12 - Location of the strain gauges in the S2L-40-PC2 slab.  
Table 5.8 - Values of strain loss in the S2L-40-PC2 slab. 
Days after 
releasing 
Strain loss (%) 
SG-L1 SG-L0 SG-L2 SG-L3 SG-L4 SG-L5 SG-L6 
1 7.1 0.0 3.4 0.0 0.0 10.5 48.9 
7 7.1 1.5 3.4 0.0 0.0 10.5 51.9 
14 10.1 1.5 5.9 1.6 1.6 14.2 57.4 
 
The variation of strain in the SG-L0 strain gauge was indicated in Figure 5.7. Table 5.8 shows strain 
loss after releasing the prestress load in the CFRP laminates of the S2L-40-PC2 slab. As this table 
shows, final strain loss (after 14 days) in the SG-L0 strain gauge (that was far from pre-cracks) was 
1.5%. The final strain loss in the SG-L1 strain gauge (This SG was near the pre-cracks, see Figure 
5.12) was 10.1%. The final strain loss in the SG-L2 strain gauge (This SG was not as close as SG-L1 
to the pre-cracks, see Figure 5.12) was 5.9%. Regarding the Table 5.8, final strain loss in the SG-L3 
and SG-L4 (These two strain gauges were outside of the pre-cracks area, see Figure 5.12) was 1.6%. 
Loss of strain for the SG-L5 and SG-L6 was, respectively, 14.2% and 57.4%. As the Figure 5.12 
indicates SG-L5 and SG-L6 strain gauges were outside of the pre-cracks area but they were close to 
the free extremity of the CFRP laminates. The results show that in the pre-cracked RC slab, strain 
loss in strain gauge closer to pre-cracks was higher than strain gauge far from pre-cracks. 
 
 
 
SG-L0 SG-L2 
SG-L1 
SG-L3 
SG-L4 
SG-L5 SG-L6 
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5.3 - CONCLUSIONS 
In the present chapter, values of strain in CFRP laminates in all prestressed slabs of the chapter 3 and 
chapter 4 were surveyed over time and along the length of the slabs during the period of time (after 
releasing the prestress loads and before monotonic tests). From the experimental results obtained it 
can be concluded that: 
 When the prestressing loads were released, the closest strain gauge to the free extremity of the 
CFRP laminate (SG-L6, which was at a distance of 25 mm from this extremity) recorded a 
maximum strain loss of about 79% in all slabs. The rest of the strain gauges showed a strain loss 
less than 14% in the all slabs, which indicated that the main part of the prestressing load was 
transferred to the concrete. 
 Regarding the results, significant part of strain loss in CFRP laminates occurred during 24 hours 
after releasing. The difference of the strain loss between seven days and one day after releasing in 
the CFRP laminates of all prestressed slabs was not more than 9.5%. The maximum value of the 
additional strain loss after 7 days was 5.5% (that was difference between strain loss in the SG-L6 
strain gauge of the S2L-40-PC2 slab, respectively, 14 and 7 days after releasing). 
 With the exception of the pre-cracked specimens, in all prestressed strengthened slabs after a 
specific length from the free extremity of the CFRP laminates up to the middle of the slabs, the 
strain loss was almost constant along the length of the CFRP laminate with a minimum value. The 
experimental results of the present study showed that this specific length isn't higher than 150 mm. 
 In the pre-cracked RC slabs, some strain gauges in the cracked area showed higher values of strain 
loss (between 0%-14%) compared to the strain loss (between 0%-2.2%) in the non-cracked area. 
The results showed that in the pre-cracked RC slabs, strain loss in the strain gauge closer to pre-
cracks was higher than the strain gauge far from pre-cracks. 
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Chapter 6 
Numerical simulation, parametric study and analytical 
approach 
 
The flexural behavior of the RC slabs strengthened with prestressed NSM CFRP laminates of the 
preliminary tests (Chapter 3) and of the series I, II and III (Chapter 4) was simulated numerically in 
this chapter. Results of the numerical simulation were compared with the experimental results to 
validate the model. Furthermore, parametric studies in order to evaluate the influence of the different 
parameters (the percentage of the CFRP, the percentage of the tensile longitudinal bars, the elasticity 
modulus and the ultimate tensile strain of the CFRP laminates) on the behavior of the RC slabs 
flexurally strengthened with prestressed NSM CFRP laminates were executed. A simplified analytical 
approach was proposed to predict the cracking, yielding and maximum loads of RC slabs flexurally 
strengthened with prestressed NSM CFRP laminates and additionally, in order to optimize the 
ductility performance of the prestressed RC slabs, an upper limit for the prestress level was proposed. 
 
6.1 - NUMERICAL SIMULATION 
Barros and Fortes (2005) have shown that, using a cross section layered model that takes into account 
the constitutive laws of the intervening materials, and the kinematic and the equilibrium conditions, 
the deformational behavior of structural elements failing in bending can be predicted from the 
moment-curvature relation, M–, of the representative cross sections of these elements. 
To evaluate the M–relationship, the slab cross section was discretized in layers of 1 mm thick. To 
simulate the behavior of the concrete in the compression, the stress-strain relationship recommended 
by model code CEB-FIP Model Code 90 was used (see Figure 6.1-a). Concrete was assumed to 
behave linearly up to its tensile strength, while in the post-cracking stage the tension-stiffening 
diagram, represented in Figure 6.1-b and investigated by Barros and Fortes (2005), was used. In this 
figure, fcm and fctm are respectively, the average compressive strength and the average concrete tensile 
strength. α1, ζ1 and εu are the main parameters for the behavior of the concrete in tension. The 
concrete properties used in the numerical simulation are indicated in Table 6.1.  
The stress-strain diagram used to model the tension and the compression behavior of steel bars is 
represented in Figure 6.2. The data defining this relationship is indicated in Table 6.2. For modeling 
the tensile behavior of the CFRP laminates, a linear elastic stress-strain relationship was adopted, by 
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using the values indicated in Table 6.3. Figure 6.3, 6.4, 6.5 and 6.6 compare the relationship between 
the applied load and the deflection at mid-span recorded experimentally in the Preliminary, Series I, 
Series II and Series III of tested RC slabs with the obtained numerical load vs. mid-span deflection 
curves. These figures show that the adopted numerical strategy fits with enough accuracy the 
registered experimental load vs. mid-span deflection curves of the tested RC slabs. 
                     
                                                (a)   (b) 
Figure 6.1 - Concrete laws used in the numerical simulations: a) in compression (CEB-FIP Model Code 90); b) 
in tension (Barros and Fortes, 2005). 
Table 6.1 - Concrete properties used in the numerical simulation. 
Series 
Compression Tension 
fcm (MPa) Ecm (GPa) fctm (MPa) α1 ζ1 εu 
Preliminary 46.7 29.7 2.20 0.55 3.00 0.0024 
I 40.0 32.6 2.55 0.42 2.17 0.0087 
II 40.0 32.6 2.55 0.42 2.17 0.0087 
III 15.0 25.0 1.00 0.55 3.00 0.0060 
 
   
Figure 6.2 - Stress-strain relationship for the steel bars (Barros and Fortes, 2005). 
 εu 
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Table 6.2 - Properties of the steel bars used in the numerical simulation. 
     Series Bar diameter 
(mm) 
Es 
(GPa) 
εs1 
(mm/mm) 
σs1 
(MPa) 
εs2 
(mm/mm) 
σs2 
(MPa) 
εs3 
(mm/mm) 
σs3 
(MPa) 
P 
Preliminary 6, 8 200 0.0024 472.5 0.03 500 0.15 570 3 
        I 6, 8 185 0.0030 556.4 0.03 620 0.15 680 3 
       II 6, 10 196 0.0028 548.4 0.03 620 0.15 670 3 
      III 6, 8 190 0.0030 589.0 0.03 620 0.15 680 3 
 
Table 6.3 - Properties of the CFRP laminate used in the numerical simulation. 
Series 
Tensile strength, 
      ffu (MPa) 
Elasticity modulus,  
     Ef (GPa) 
Maximum strain,  
         εfu(‰) 
         Preliminary        2483.9        153.2           16.2 
      Series I, II , III        2770.1        175.7           15.8 
 
 
                                         (a)                                                                        (b)  
 
                                       (c)                                                                             (d)       
Figure 6.3 - Experimental vs. numerical load-deflection at mid-span for the preliminary tested RC slabs: a) 
SREF; b) S2L-0; c) S2L-20; and d) S2L-40. 
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                                            (a)                                                                        (b)  
 
                                          (c)                                                                        (d)  
 
                                           (e)                                                                        (f)  
Figure 6.4 - Experimental vs. numerical load-deflection at mid-span for the series I of tested RC slabs: a) 
SREF; b) S2L-0; c) S2L-20; d) S2L-30; e) S2L-40; and f) S2L-50. 
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(a)                                                  (b) 
 
(c)                                                   (d) 
`Figure 6.5 - Experimental vs. numerical load-deflection at mid-span for the series II of tested RC slabs: a) 
SREF; b) S2L-0; c) S2L-20; and d) S2L-40. 
 
(a)                                                    (b) 
 
(c)                                                        (d) 
Figure 6.6 - Experimental vs. numerical load-deflection at mid-span for the series III of tested RC slabs: a) 
SREF; b) S2L-0; c) S2L-20; and d) S2L-40. 
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6.2 - PARAMETRIC STUDY 
The numerical strategy, whose good predictive performance for the simulation of the structural 
behavior of the RC slabs flexurally strengthened using prestressed NSM CFRP laminates which was 
confirmed in the previous section, is now adopted to execute a parametric study. The parametric study 
was performed in three cases: case I - parametric study with slabs similar to the series I of specimens 
(fcm = 40 MPa and ρsl = 0.39%); case II - parametric study with slabs similar to the series II of 
specimens (fcm = 40 MPa and ρsl = 0.62%);   case III - parametric study with slabs similar to the third 
series of specimens (fcm = 15 MPa and ρsl = 0.39%). 
 
6.2.1 - Case I: fcm = 40 MPa and  ρsl = 0.39% (Series I) 
A parametric study for the evaluation of the influence of the following parameters on the behavior of 
strengthened RC slabs of the series I of chapter 4 with prestressed NSM CFRP laminates was 
performed: the percentage of the CFRP, the percentage of tensile longitudinal bars, the elasticity 
modulus and the ultimate tensile strain of the CFRP laminates. In fact, according to Table 6.4 and 
Figure 6.7, for each of the above mentioned parameters, three scenarios (A, B and C) were analyzed. 
For comparison purposes, the results obtained in the previous section (slabs S2L-20, S2L-30, S2L-40 
and S2L-50 of the series I) were adopted in this parametric study. The geometry of the RC slabs, the 
arrangement of the steel reinforcement, the material properties of concrete, and the support and load 
conditions were the same as those adopted in the numerical simulations of the series I in the previous 
section. 
 
   
            Scenario A               Scenario B            Scenario C 
(a) 
   
            Scenario A               Scenario B            Scenario C 
                                                                                 (b) 
Figure 6.7 - Cross-section of the RC slabs strengthened with prestressed NSM CFRP laminates (Parametric 
study): a) effect of the CFRP percentage; b) effect of the percentage of the tensile longitudinal bars. 
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Table 6.4 - Parameters evaluated in the parametric study (Case I). 
Level of 
prestress 
Percentage of the CFRP, 
ρf (%)  
Percentage of the tensile 
longitudinal bars, ρsl (%) 
Elasticity modulus of 
the CFRP, Ef (GPa) 
Ultimate tensile strain of 
the CFRP, εfu (‰) 
A B
(1)
 C A
(1)
 B C A B
(1)
 C A B
(1)
 C 
20% 
0.042 0.085 0.127 0.394 0.623 0.908 125 175 225 11.0 15.8 20.0 
30% 
40% 
50% 
(1) The values of this scenario are the values obtained in the section 6.1 for the slabs tested in the experimental program described in this thesis. 
 
The percentage of the CFRP was increased by changing the number of CFRP laminates with a cross 
section equal to 1.4×20 mm
2
 (Figure 6.7-a): 1 laminate in scenario A (ρf = 0.042%), 2 laminates in 
scenario B (ρf = 0.085%), and 3 laminates in scenario C (ρf = 0.127%). The values of
fRe
serserv FFΔ , 
fRe
maxmax FFΔ  and 
02
maxmax
 LSFF uu  for the twelve RC slabs (3 scenarios for each of the four analyzed 
prestress levels) are presented in Table 6.5 and illustrated in Figure 6.8. 
  
Table 6.5 - RC slabs strengthened with prestressed NSM CFRP laminates: effect of the CFRP percentage 
(Case I).  
Prestress 
level 
Scenario 
CFRP 
laminates 
ρf  
(%) 
Fserv 
(kN) 
Fmax 
(kN) 
Ref
servserv FFΔ  
(%) 
(1) 
Ref
maxmax FFΔ  
(%) 
(1) 
uFmax 
(mm)
 
0L2S
FF maxmax
uu Δ
 (%)
(2) 
Failure 
mode
(3)
 
20% 
A 1 0.042 20.7 40.6 24.5 56.1 61.2 -23.0 CR 
B 2 0.085 25.5 57.5 53.6 121 67.0 -23.3 CR 
C 3 0.127 30.2 73.7 82.0 183.3 70.9 -22.1 CR 
30% 
A 1 0.042 22.5 40.7 35.5 56.2 52.8 -33.5 CR 
B 2 0.085 29.0 57.6 74.7 121.2 57.2 -34.5 CR 
C 3 0.127 35.5 74.0 113.9 184.1 60.9 -33.1 CR 
40% 
A 1 0.042 24.3 40.9 46.1 56.9 45.8 -42.3 CR 
B 2 0.085 32.4 57.7 95.4 121.8 48.8 -44.2 CR 
C 3 0.127 40.4 74.2 143.3 184.9 51.0 -43.9 CR 
50% 
A 1 0.042 26.2 41.3 58.0 58.8 37.6 -52.7 CR 
B 2 0.085 36.1 58.2 117.6 123.4 40.0 -54.2 CR 
C 3 0.127 45.6 74.6 174.9 186.5 41.3 -54.6 CR 
(1) The values of fRe
servF
and fRe
maxF obtained in numerical simulation for the reference RC slab were respectively 16.6 kN and 26.03kN. 
 
(2) The values of 02
max
LS
Fu
 for the scenario A, B and C were respectively 79.5 mm, 87.3 mm and 91 mm.  
(3) Failure mode: CR (CFRP rupture). 
 
As expected, regardless of the prestress level, by increasing the percentage of the CFRP laminates, the 
load carrying capacity of the slabs at service and ultimate states has increased. Furthermore, the 
benefits in terms of service load carrying capacity by increasing percentage of the CFRP are 
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potentiated when increasing the prestress level applied to the NSM FRP laminates. By increasing the 
prestress level in the NSM CFRP laminates the deflection at the maximum load of the slabs has 
decreased, regardless of the percentage of CFRP laminates adopted. 
    
         a) service load                    b) maximum load 
 
                                                                                             c) maximum deflection 
Figure 6.8 - Effectiveness of NSM technique with prestressed CFRP laminates vs. percentage of the CFRP 
(Case I).  
The percentage of tensile longitudinal bars was increased by changing the diameter of the bars (Figure 
6.7-b): 4 bars of 8 mm diameter (48) (ρsl= 0.394%) in scenario A; 4 bars of 10 mm diameter (410) 
(ρsl= 0.623%) in scenario B; and 4 bars of 12 mm diameter (412) (ρsl= 0.908%) in scenario C. The 
values of fReserserv FFΔ , 
fRe
maxmax FFΔ  and 
0L2S
FF maxmax
uu Δ  for the twelve RC slabs (3 scenarios for each of 
the four analyzed prestress levels) are presented in Table 6.6 and illustrated in Figure 6.9, where it is 
possible to see that, regardless of the prestress level of the laminates, the increase of the percentage of 
existing tensile longitudinal steel bars have a detrimental effect on the performance of NSM technique 
with prestressed CFRP laminates, namely in terms of the increase of the load carrying capacity of the 
RC slabs. By increasing the prestress level in the NSM CFRP laminates, regardless of the percentage 
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of tensile longitudinal bars, the deflection at the maximum load of the slabs has decreased. Regardless 
of the prestress level of the CFRP laminates, by increasing the percentage of tensile longitudinal bars 
the deflection at the maximum load of the slabs has increased so the ductility of the RC slabs has 
improved. 
 
Table 6.6 - RC slabs strengthened with prestressed NSM CFRP laminates: effect of the percentage of tensile 
longitudinal bars (Case I). 
Prestress 
level 
Scenario 
Tensile 
longitudinal 
bars 
ρsl  
(%) 
Fserv 
.(kN) 
Fmax 
(kN) 
Ref
servserv FFΔ  
(%)
 
Ref
maxmax FFΔ  
(%)
 
uFmax 
(mm) 
0L2S
FF maxmax
uu Δ
 (%)(4) 
Failure 
mode(5) 
20% 
A 
(1)
 48 0.394 25.5 57.5 53.6 121 67.0 -23.3 CR 
B 
(2)
 410 0.623 27.8 66.9 44.2 86.8 67.1 -22.8 CR 
C 
(3)
 412 0.908 31.6 77.2 43.1 63.2 68.1 -8.6 CC-CR 
30% 
A 
(1)
 48 0.394 29.0 57.6 74.7 121.2 57.2 -34.5 CR 
B 
(2)
 410 0.623 31.3 67.0 72.6 87.3 58.4 -32.9 CR 
C 
(3)
 412 0.908 34.2 77. 7 54.8 64.3 59.1 -20.7 CR 
40% 
A 
(1)
 48 0.394 32.4 57.7 95.4 121.8 48.8 -44.2 CR 
B 
(2)
 410 0.623 34.8 67.3 80.5 87.9 49. 6 -43.1 CR 
C 
(3)
 412 0.908 37. 7 78.1 70.4 65.2 51.3 -31.1 CR 
50% 
A 
(1)
 48 0.394 36.1 58.2 117.6 123.4 40.0 -54.2 CR 
B 
(2)
 410 0.623 38.6 67.7 100.1 89.0 41.6 -52.2 CR 
C 
(3)
 412 0.908 41.4 78.6 87.3 66.2 43.3 -41.8 CR 
(1) The values of fRe
servF
and fRe
maxF obtained in numerical simulation for the reference RC slab were respectively 16.6 kN and 26.0 kN.  
 
(2) The values of fRe
servF
and fRe
maxF  obtained in numerical simulation for the reference RC slab were respectively 19.3 kN and 35.8 kN.  
(3) The values of fRe
servF
and fRe
maxF  obtained in numerical simulation for the reference RC slab were respectively 22.1 kN and 47.3 kN. 
(4) The values of 02
max
LS
Fu
 for the scenario A, B and C were respectively 87.3 mm, 87.0 mm and 74.5 mm. 
(5) Failure mode: CR (CFRP rupture), CC-CR (concrete crushing and CFRP rupture). 
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   a) service load               b) maximum load 
 
                    c) maximum deflection 
Figure 6.9 - Effectiveness of NSM technique with prestressed CFRP laminates vs. percentage of tensile 
longitudinal bars (Case I). 
Three values of the elasticity modulus of the FRP laminates were also tested (125 GPa in scenario A, 
175 GPa in scenario B and 225 GPa in scenario C). The values of fReserserv FFΔ , 
fRe
maxmax FFΔ  and 
0L2S
FF maxmax
uu Δ  for the twelve RC slabs (3 scenarios for each of the four analyzed prestress levels) are 
presented in Table 6.7 and illustrated in Figure 6.10. Regardless of the prestress level, by increasing 
the elasticity modulus of the CFRP laminates, the load carrying capacity of the slabs at service and 
ultimate states has improved. Furthermore, the benefits in terms of service load carrying capacity by 
increasing the elasticity modulus are potentiated when increasing the prestress level applied to the 
NSM FRP laminates. However, by increasing the prestress level in the NSM FRP laminates the 
deflection at the maximum load of the slabs has decreased, regardless of the values of the elasticity 
modulus of the FRP laminates considered. 
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        a) service load                    b) maximum load 
              
                   c) maximum deflection 
Figure 6.10 - Effectiveness of NSM technique with prestressed CFRP laminates vs. elasticity modulus of the 
FRP laminates (Case I). 
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Table 6.7 - RC slabs strengthened with prestressed NSM CFRP laminates: effect of the elasticity modulus of 
the CFRP laminates (Case I).  
Prestress 
level 
Scenario 
CFRP Laminate 
Fserv 
(kN) 
Fmax 
(kN) 
Ref
servserv FFΔ  
(%) 
(1) 
Ref
maxmax FFΔ  
(%) 
(1) 
uFmax 
(mm) 
0L2S
FF maxmax
uu Δ  
(%)
(2)
 
Failure 
mode
(3) ffu 
(MPa) 
Ef 
(GPa) 
εfu       
(‰) 
20% 
A 1975 125 15.8 22.7 47.8 36.8 83.8 64.2 -22.6 CR 
B 2765 175 15.8 25.5 57.5 53.6 121.0 67.0 -23.3 CR 
C 3555 225 15.8 28.2 66.7 69.6 156.4 69.3 -23.1 CR 
30% 
A 1975 125 15.8 25.2 47.9 51.8 83.9 54.9 -33.9 CR 
B 2765 175 15.8 29.0 57.6 74.7 121.2 57.2 -34.5 CR 
C 3555 225 15.8 32.6 66.8 96.3 156.7 59.1 -34.3 CR 
40% 
A 1975 125 15.8 27.8 48.0 67.2 84.5 46.5 -43.9 CR 
B 2765 175 15.8 32.4 57.7 95.4 121.8 48.8 -44.2 CR 
C 3555 225 15.8 36.9 67.0 122.0 157.4 49. 7 -44.8 CR 
50% 
A 1975 125 15.8 30.4 48.5 83.4 86.3 38.5 -53.6 CR 
B 2765 175 15.8 36.1 58.2 117.6 123.4 40.0 -54.2 CR 
C 3555 225 15.8 41.5 67.4 149.8 159.0 41.0 -54.5 CR 
(1) The values of fRe
servF
and fRe
maxF obtained in numerical simulation for the reference RC slab were respectively 16.6 kN and 26.0 kN.
 
(2) The values of 02
max
LS
Fu
 for the scenario A, B and C were respectively 83.0 mm, 87.3 mm and 90.0 mm. 
(3) Failure mode: CR (CFRP rupture). 
 
Three values of the ultimate tensile strain of the FRP laminates were also considered (11‰ in scenario 
A, 15.8‰ in scenario B and 20.0‰ in scenario C). The values of fReserserv FFΔ , 
fRe
maxmax FFΔ  and  
0L2S
FF maxmax
uu Δ  for the twelve RC slabs are presented in Table 6.8 and illustrated in Figure 6.11, where 
the high influence of the ultimate tensile strain of the FRP laminates on the maximum load carrying 
capacity of the prestressed RC slabs (3 scenarios for each of the four analyzed prestress levels) is 
evident (the higher the former, the higher the latter). Regardless of the prestress level, by increasing 
the maximum strain of the FRP laminates, the deflection at the maximum load of the slabs has 
decreased that have a detrimental effect on the ductility of the RC slabs.  
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            a) service load                           b) maximum load 
                   
                          c) maximum deflection 
Figure 6.11 - Effectiveness of NSM technique with prestressed CFRP laminates vs. ultimate tensile strain of 
the FRP laminates (Case I). 
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Table 6.8 - RC slabs strengthened with prestressed NSM CFRP laminates: effect of the ultimate tensile strain 
of the CFRP laminates (Case I).  
Prestress 
level
(1) Scenario 
CFRP Laminate 
Fserv 
(kN) 
Fmax 
(kN) 
Ref
servserv FFΔ  
(%) 
(2) 
Ref
maxmax FFΔ  
(%) 
(2) 
uFmax 
(mm) 
0L2S
FF maxmax
uu Δ  
(%)
(3)
 
Failure 
mode
(4)
     ffu 
(MPa) 
    Ef 
(GPa) 
 εfu       
(‰) 
20% 
A 1975 175 11.0 25.5 48.4 53.6 85.8 42.5 5.3 CR 
B 2765 175 15.8 25.5 57.5 53.6 121.0 67.0 -23.3 CR 
C 3555 175 20.0 25.5 65.9 53.6 153.3 92.2 -31.4 CC 
30% 
A 1975 175 11.0 29.0 49.1 74.7 88.7 35.1 -10.0 CR 
B 2765 175 15.8 29.0 57.6 74.7 121.2 57.2 -34.5 CR 
C 3555 175 20.0 29.0 66.3 74.7 154.9 83.0 -41.5 CR 
40% 
A 1975 175 11.0 32.4 49.1 95.4 88.7 27.4 -23.7 CR 
B 2765 175 15.8 32.4 57.7 95.4 121.8 48.8 -44.2 CR 
C 3555 175 20.0 32.4 66.7 95.4 156.2 73.0 -50.8 CR 
50% 
A 1975 175 11.0 36.1 45.1 117.6 73.2 17.9 -36.8 CR 
B 2765 175 15.8 36.1 58.2 117.6 123.4 40.0 -54.2 CR 
C 3555 175 20.0 36.1 66.8 117.6 156.6 63.0 -59.4 CR 
(1) The value of prestress level has chosen based on the percentage of the ultimate tensile strain of the CFRP laminate in scenario B (15.8‰). 
(2) The values of fRe
servF
and fRe
maxF
obtained in numerical simulation for the reference RC slab were respectively 16.6 kN and 26.0 kN. 
(3) The values of 02
max
LS
Fu
 for the scenario A, B and C were respectively 61.0 mm, 87.3 mm and 101.0 mm. 
(4) Failure mode: CR (CFRP rupture), CC (concrete crushing). 
 
 
 
6.2.2 - Case II: fcm = 40 MPa and  ρsl = 0.62% (Series II) 
A parametric study for the evaluation of the influence of the following parameters on the behavior of 
strengthened RC slabs of the series II of chapter 4 with prestressed NSM CFRP laminates was 
performed: the percentage of the CFRP, the elasticity modulus and the ultimate tensile strain of the 
CFRP laminates. In fact, according to Table 6.9 and Figure 6.12, for each of the above mentioned 
parameters it was analyzed in three scenarios (A, B and C). For comparison purposes, the results 
obtained of the series II in the previous section (S2L-20 and S2L-40 slabs of the series II) were 
adopted in this parametric study. The geometry of the RC slabs, the arrangement of the steel 
reinforcement, the material properties of concrete, and the support and load conditions were the same 
as those adopted in the numerical simulations of the series II in the previous section. The only 
difference between the slabs of the case II and the case I is the percentage of the longitudinal bars (ρsl 
= 0.62% in the case II and ρsl = 0.39% in the case I). 
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Table 6.9 - Parameters evaluated in the parametric study (Case II). 
Level of 
prestress 
Percentage of the CFRP,  
ρf (%)  
Elasticity modulus of the CFRP, 
Ef (GPa) 
Ultimate tensile strain of the CFRP, 
εfu (‰) 
A B
(1)
 C A B
(1)
 C A B
(1)
 C 
20% 
0.042 0.085 0.127 125 175 225 11.0 15.8 20.0 
40% 
(1)  The values of this scenario are the values obtained in the section 6.1 for the slabs tested in the experimental program described in this thesis.   
              
          Scenario A               Scenario B                  Scenario C 
Figure 6.12 - Cross-section of the RC slabs strengthened with prestressed NSM CFRP laminates (Parametric 
study of case II): effect of the CFRP percentage. 
The percentage of the CFRP was increased by changing the number of CFRP laminates with a cross 
section equal to 1.4×20 mm
2
 (Figure 6.12): 1 laminate in scenario A (ρf = 0.042%), 2 laminates in 
scenario B (ρf = 0.085%), and 3 laminates in scenario C (ρf = 0.127%). The values of 
fRe
serserv FFΔ , 
fRe
maxmax FFΔ  and 
0L2S
FF maxmax
uu Δ  for the six RC slabs (3 scenarios for each of the two analyzed prestress 
levels) are presented in Table 6.10 and illustrated in Figure 6.13.  
 
Table 6.10 - RC slabs strengthened with prestressed NSM CFRP laminates: effect of the CFRP percentage 
(Case II). 
Prestress 
level 
Scenario 
CFRP 
laminates 
ρf  
(%) 
Fserv 
(kN) 
Fmax 
(kN) 
Ref
servserv FFΔ  
(%) 
(1) 
Ref
maxmax FFΔ  
(%) 
(1) 
uFmax 
(mm)
 
0L2S
FF maxmax
uu Δ
 (%)
(2) 
Failure 
mode
(3)
 
20% 
A 1 0.042 23.8 50.3 16.7 43.7 61 -22.0 CR 
B 2 0.085 28.4 66.7 39.2 90.6 67 -22.1 CR 
C 3 0.127 33.1 82.1 62.3 134.6 71.4 -11.2 CR 
40% 
A 1 0.042 27.5 50.6 34.8 44.6 46 -41.2 CR 
B 2 0.085 35.5 67.1 74.0 91.7 49 -43.0 CR 
C 3 0.127 43.4 83 112.7 137.1 51.4  -36.1 CR 
(1)  The values of fRe
servF
and fRe
maxF obtained in numerical simulation for the reference RC slab were respectively 20.4 kN and 35.0 kN. 
(2)  The values of 02
max
LS
Fu
 for the scenario A, B and C were respectively 78.2 mm, 86.0 mm and 80.4 mm. 
(3)  Failure mode: CR (CFRP rupture). 
 
As expected, regardless of the prestress level, by increasing the percentage of the CFRP laminates, the 
load carrying capacity of the slabs at service and ultimate states has increased. Furthermore, the 
benefits in terms of service load carrying capacity by increasing percentage of the CFRP are 
300300
(1 NSM CFRP Laminates)
(4 10)
150 300 150
(2 NSM CFRP Laminates)
(4 10)
150 150150 150
(3 NSM CFRP Laminates)
(4 10)
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potentiated when increasing the prestress level applied to the NSM FRP laminates. By increasing the 
prestress level in the NSM CFRP laminates the deflection at the maximum load of the slabs has 
decreased, regardless of the percentage of CFRP laminates adopted. 
 
     
             a) service load 
            
b) maximum load 
 
                                                                                            c) maximum deflection 
Figure 6.13 - Effectiveness of NSM technique with prestressed CFRP laminates vs. percentage of the CFRP 
(Case II). 
Three values of the elasticity modulus of the FRP laminates were also tested (125 GPa in scenario A, 
175 GPa in scenario B and 225 GPa in scenario C). The values of fReserserv FFΔ , 
fRe
maxmax FFΔ  and  
0L2S
FF maxmax
uu Δ  for the six RC slabs (3 scenarios for each of the two analyzed prestress levels) are 
presented in Table 6.11 and illustrated in Figure 6.14. Regardless of the prestress level, by increasing 
the elasticity modulus of the CFRP laminates, the load carrying capacity of the slabs at service and 
ultimate states has improved. Furthermore, the benefits in terms of service load carrying capacity by 
increasing the elasticity modulus are potentiated when increasing the prestress level applied to the 
NSM FRP laminates. However, by increasing the prestress level in the NSM FRP laminates the 
deflection at the maximum load of the slabs has decreased, regardless of the values of the elasticity 
modulus of the FRP laminates considered. 
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Table 6.11 - RC slabs strengthened with prestressed NSM CFRP laminates: effect of the elasticity modulus of 
the CFRP laminates (Case II). 
Prestress 
level 
Scenario 
CFRP Laminate 
Fserv 
(kN) 
Fmax 
(kN) 
Ref
servserv FFΔ  
(%) 
(1) 
Ref
maxmax FFΔ  
(%) 
(1) 
uFmax 
(mm) 
0L2S
FF maxmax
uu Δ  
(%)
(2)
 
Failure 
mode
(3) ffu 
(MPa) 
Ef 
(GPa) 
εfu       
(‰) 
20% 
A 1975 125 15.8 25.7 57.3 26.0 63.7 64 -22.0 CR 
B 2765 175 15.8 28.4 66.7 39.2 90.6 67 -22.1 CR 
C 3555 225 15.8 31.1 75.5 52.5 115.7 69.5 -16.2 CR 
40% 
A 1975 125 15.8 30.8 57.6 51.0 64.6 47.5 -42.1 CR 
B 2765 175 15.8 35.5 67.1 74.0 91.7 49 -43.0 CR 
C 3555 225 15.8 39.8 76.1 95.1 117.4 51 -38.5 CR 
(1)  The values of fRe
servF
and fRe
maxF obtained in numerical simulation for the reference RC slab were respectively 20.4 kN and 35.0 kN. 
(2)   The values of 02
max
LS
Fu
 for the scenario A, B and C were respectively 82.0 mm, 86.0 mm and 82.9 mm. 
(3)   Failure mode: CR (CFRP rupture). 
  
    
             a) service load 
 
                 b) maximum load 
 
                                                                                                c) maximum deflection 
Figure 6.14 - Effectiveness of NSM technique with prestressed CFRP laminates vs. elasticity modulus of the 
FRP laminates (Case II). 
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Three values of the ultimate tensile strain of the FRP laminates were also considered (11‰ in scenario 
A, 15.8‰ in scenario B and 20.0‰ in scenario C). The values of fReserserv FFΔ , 
fRe
maxmax FFΔ  and  
0L2S
FF maxmax
uu Δ  for the six RC slabs are presented in Table 6.12 and illustrated in Figure 6.15, where the 
high influence of the ultimate tensile strain of the FRP laminates on the maximum load carrying 
capacity of the prestressed RC slabs is evident (the higher the former, the higher the latter). Regardless 
of the prestress level, by increasing the maximum strain of the FRP laminates, the deflection at the 
maximum load of the slabs has increased so ductility of the RC slabs has improved. 
 
         
  a) service load          b) maximum load 
 
             c) maximum deflection 
Figure 6.15 - Effectiveness of NSM technique with prestressed CFRP laminates vs. ultimate tensile strain of 
the FRP laminates (Case II). 
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Table 6.12 - RC slabs strengthened with prestressed NSM CFRP laminates: effect of the ultimate tensile strain 
of the CFRP laminates (Case II).  
Prestress 
level
(1) Scenario 
CFRP Laminate 
Fserv 
(kN) 
Fmax 
(kN) 
Ref
servserv FFΔ  
(%) 
(2) 
Ref
maxmax FFΔ  
(%) 
(2) 
uFmax 
(mm) 
0L2S
FF maxmax
uu Δ  
(%)
(3)
 
Failure 
mode
(4)
   ffum 
(MPa) 
 Efm 
(GPa) 
εfu       
(‰) 
20% 
A 1975 175 11.0 28.4 58 39.2 65.7 43.4 -28.9 CR 
B 2765 175 15.8 28.4 66.7 39.2 90.6 67 -22.1 CR 
C 3555 175 20.0 28.4 70.6 39.2 101.7 79.5 -8.6 CC 
40% 
A 1975 175 11.0 35.5 58.4 74.0 66.9 28.7 -53.0 CR 
B 2765 175 15.8 35.5 67.1 74.0 91.7 49 -43.0 CR 
C 3555 175 20.0 35.5 74.8 74.0 113.7 71.7 -17.6 CR 
(1) The value of prestress level has chosen based on the percentage of the ultimate tensile strain of the CFRP laminate in scenario B (15.8‰). 
(2) The values of fRe
servF
and fRe
maxF
obtained in numerical simulation for the reference RC slab were respectively 20.4 kN and 35.0 kN. 
(3) The values of 02
max
LS
Fu
 for the scenario A, B and C were respectively 61.0 mm, 86.0 mm and 87.0 mm. 
(4)  Failure mode: CR (CFRP rupture), CC (concrete crushing).  
 
 
6.2.3 - Case III: fcm = 15 MPa and  ρsl = 0.39% (Series III) 
A parametric study for the evaluation of the influence of the following parameters on the behavior of 
strengthened RC slabs of the series III of chapter 4 with prestressed NSM CFRP laminates was 
performed: the percentage of the CFRP, the percentage of tensile longitudinal bars and the elasticity 
modulus of the CFRP.  In this parametric study, RC slabs were completely similar to the series III of 
specimens (fcm = 15 MPa and ρsl = 0.39%). In fact, according to Table 6.13 and Figure 6.7, for each of 
the above mentioned parameters it was analyzed in three scenarios (A, B and C). For comparison 
purposes, the results obtained of the series III in the previous section (S2L-20 and S2L-40 slabs of the 
series III) were adopted in this parametric study. The geometry of the RC slabs, the arrangement of 
the steel reinforcement, the material properties of concrete, and the support and load conditions were 
the same as ones adopted in the numerical simulations of the series III of the previous section. The 
only difference between the slabs of case III and case I is the compressive strength of the concrete  
(fcm = 15 MPa in the case III and  fcm = 40 MPa in the case I). 
 
Table 6.13 - Parameters evaluated in the parametric study (Case III). 
Level of 
prestress 
Percentage of the CFRP, 
 ρf (%)  
Percentage of tensile 
longitudinal bars (ρsl) 
Elasticity modulus of the CFRP, Ef 
(GPa) 
A B
(1)
 C A
(1)
 B C A B
(1)
 C 
20% 
0.038 0.077 0.116 0.394 0.623 0.908 125 175 225 
40% 
(1)   The values of this scenario are the values obtained in the section 6.1 for the slabs tested in the experimental program described in this thesis.   
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The percentage of the CFRP was increased by changing the number of CFRP laminates with a cross 
section equal to 1.4×20 mm
2
 (Figure 6.7-a): 1 laminate in the scenario A (ρf = 0.038%), 2 laminates in 
the scenario B (ρf = 0.077%), and 3 laminates in the scenario C (ρf = 0.116%). The values of 
fRe
serserv FFΔ , 
fRe
maxmax FFΔ  and 
0L2S
FF maxmax
uu Δ  for the six RC slabs (3 scenarios for each of the two 
analyzed prestress levels) are presented in Table 6.14 and illustrated in Figure 6.16. As expected, 
regardless of the prestress level, by increasing the percentage of the CFRP laminates, the load carrying 
capacity of the slabs at service and ultimate states has increased. Furthermore, the benefits in terms of 
service load carrying capacity by increasing percentage of the CFRP are potentiated when increasing 
the prestress level applied to the NSM FRP laminates. By increasing the prestress level in the NSM 
CFRP laminates the deflection at the maximum load of the slabs has decreased, regardless of the 
percentage of the CFRP laminates adopted. 
 
  
            a) service load               b) maximum load 
 
             c) maximum deflection 
Figure 6.16 - Effectiveness of NSM technique with prestressed CFRP laminates vs. percentage of the CFRP 
(Case III). 
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Table 6.14 - RC slabs strengthened with prestressed NSM CFRP laminates: effect of the CFRP percentage 
(Case III). 
Prestress 
level 
Scenario 
CFRP 
laminates 
ρf  
(%) 
Fserv 
(kN) 
Fmax 
(kN) 
ref
serserv FFΔ  
(%) 
(1) 
ref
maxmax FFΔ  
(%) 
(1) 
uFmax 
(mm) 
0L2S
FF maxmax
uu Δ  
(%)
(2)
 
Failure 
mode
(3)
 
20% 
A 1 0.04 15.5 36.9 50.2 69. 8 73.0 -19.8 CR 
B 2 0.08 20.2 50.6 95.9 133.0 79.0 -24.0 CR 
C 3 0.12 24.8 60.6 140.4 178.9 78.7 -17.6 CC 
40% 
A 1 0.04 19.0 37.0 84.5 70.4 53.1 -41.6 CR 
B 2 0.08 26.8 51.4 159.7 136.6 58.0 -44.2 CR 
C 3 0.12 34.5 63.8 235.1 193.6 62.0 -35.1 CR 
(1)  The values of fRe
servF
and fRe
maxF
obtained in numerical simulation for the reference RC slab were respectively 10.3 kN and 21.7 kN. 
(2)  The values of 02
max
LS
Fu
 for the scenario A, B and C were respectively 91 mm, 104 mm and 95.5 mm.  
(3)  Failure mode: CR (CFRP rupture), CC (concrete crushing). 
 
The percentage of tensile longitudinal bars was increased by changing the diameter of the bars: 
(Figure 6.7-b): 4 bars of 8 mm diameter (48) (ρsl= 0.394%) in scenario A, 4 bars of 10 mm diameter 
(410) (ρsl= 0.623%) in scenario B and 4 bars of 12 mm diameter (412) (ρsl= 0.908%) in scenario C. 
The values of fReserserv FFΔ , 
fRe
maxmax FFΔ  and  
0L2S
FF maxmax
uu Δ  for the six RC slabs (3 scenarios for each of 
the two analyzed prestress levels) are presented in Table 6.15 and illustrated in Figure 6.17.  
 
Table 6.15 - RC slabs strengthened with prestressed NSM CFRP laminates: effect of the percentage of tensile 
longitudinal bars (Case III). 
Prestress 
level 
Scenario 
Tensile 
longitudinal 
bars 
ρsl  
(%) 
Fserv 
.(kN) 
Fmax 
(kN) 
ref
serserv FFΔ  
(%)
 
ref
maxmax FFΔ  
(%)
 
uFmax 
(mm) 
0L2S
FF maxmax
uu Δ  
(%)
(4)
 
Failure 
mode
(5)
 
20% 
A 
(1)
 48 0.394 20.2 50.6 95.9 133.0 79.0 -24.0 CR 
B 
(2)
 410 0.623 22.2 55.6 75.4 80.5 76.9 -12.6 CC 
C 
(3)
 412 0.908 24.1 59.1 59.1 44.3 62.1 -11.3 CC 
40% 
A 
(1)
 48 0.394 26.8 51.4 159.7 136.6 58.0 -44.2 CR 
B 
(2)
 410 0.623 28.8 58.0 127.3 88.4 60.0 -31.8 CR 
C 
(3)
 412 0.908 30.7 62.6 102.6 53.0 55.0 -21.4 CC 
(1) The values of fRe
servF
and fRe
maxF
obtained in numerical simulation for the reference RC slab were respectively 10.3 kN and 21.7 kN. 
(2) The values of fRe
servF
and fRe
maxF
 obtained in numerical simulation for the reference RC slab were respectively 12.7 kN and 30.8 kN.  
(3) The values of fRe
servF
and fRe
maxF
 obtained in numerical simulation for the reference RC slab were respectively 15.2 kN and 40.9 kN. 
(4) The values of 02
max
LS
Fu
 for the scenario A, B and C were respectively 104 mm, 88 mm and 70 mm. 
(5) Failure mode: CR (CFRP rupture), CC (concrete crushing). 
 
It is possible to see that, regardless of the prestress level of the laminates, the increase of the 
percentage of existing tensile longitudinal steel bars have a detrimental effect on the performance of 
NSM technique with prestressed CFRP laminates in terms of the increase of the load carrying 
capacity of the RC slabs both in serviceability and ultimate limit states. By increasing the prestress 
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level in the NSM CFRP laminates, regardless of the percentage of tensile longitudinal bars, the 
deflection at the maximum load of the slabs has decreased. 
       
a) Service load                                                           b) maximum load 
 
             c) maximum deflection 
Figure 6.17 - Effectiveness of NSM technique with prestressed CFRP laminates vs. percentage of tensile 
longitudinal bars (Case III). 
Three values of the elasticity modulus of the FRP laminates were tested (125 GPa scenario A,         
175 GPa scenario B and 225 GPa scenario C). The values of fReserserv FFΔ , 
fRe
maxmax FFΔ  and  
0L2S
FF maxmax
uu Δ  
for the six RC slabs (3 scenarios for each of the two analyzed prestress levels) are presented in Table 
6.16 and illustrated in Figure 6.18. Regardless of the prestress level, by increasing the elasticity 
modulus of the CFRP laminates, the load carrying capacity of the slabs at service and ultimate states 
has improved. Furthermore, the benefits in terms of service load carrying capacity by increasing the 
elasticity modulus are potentiated when increasing the prestress level applied to the NSM FRP 
laminates, however by increasing the prestress level in the NSM FRP laminates the deflection at the 
maximum load of the slabs has decreased, regardless of the values of the elasticity modulus of the 
FRP laminates considered. 
 
 
Numerical simulation, parametric study and analytical approach                                                         181 
 
Table 6.16 - RC slabs strengthened with prestressed NSM CFRP laminates: effect of the elasticity modulus of 
the CFRP laminates (Case III). 
Prestress 
level 
Scenario 
Elasticity 
modulus of the 
CFRP (GPa) 
Fserv. 
(kN) 
Fmax 
(kN) 
ref
serserv FFΔ  
(%) 
(1)
 
ref
maxmax FFΔ  
(%) 
(1)
 
uFmax 
(mm) 
0L2S
FF maxmax
uu Δ  
(%)
(2)
 
Failure 
mode
(3)
 
20% 
A 125 17.4 43.0 69.2 98.1 74.5 -22.4 CR 
B 175 20.2 50.6 95.9 133.0 79.0 -24.0 CR 
C 225 22.7 57.1 120.8 163.0 82.0 -16.8 CR 
40% 
A 125 22.1 43.2 114.6 99.1 55.0 -42.7 CR 
B 175 26.8 51.4 159.7 136.6 58.0 -44.2 CR 
C 225 31.2 58.6 202.9 170.0 60.0 -39.1 CR 
(1) The values of fRe
servF
and fRe
maxF
obtained in numerical simulation for the reference RC slab were respectively 10.3 kN and 21.71 kN. 
(2) The values of 02
max
LS
Fu
 for the scenario A, B and C were respectively 96 mm, 104 mm and 98.5 mm. 
(3) Failure mode: CR (CFRP rupture). 
 
  
           a) service load                b) maximum load 
 
c) maximum deflection 
Figure 6.18 - Effectiveness of NSM technique with prestressed CFRP laminates vs. elasticity modulus of the 
FRP laminates (Case III). 
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6.3 - ANALYTICAL APPROACH 
The objective of this part is to propose a simplified analytical approach to predict the cracking, 
yielding and maximum loads of RC slabs flexurally strengthened with prestressed NSM CFRP 
laminates. The good predictive performance of the analytical model is appraised by comparing the 
results with the experimental values. Additionally, in order to optimize the ductility performance of 
the prestressed RC slabs, an upper limit for the prestress level is proposed. 
 
6.3.1 - Cracking, yielding and maximum loads  
In this section, the bending moment at some critical points (crack initiation, yield initiation and 
failure) were calculated with analytical approaches. Comparisons of the analytical values with the 
experimental results were also presented in this part. 
 
6.3.1.1 - Bending moment at crack initiation 
The distribution of strain and stress along the height of slab's cross section and balance of internal 
forces corresponding to the crack initiation state are indicated in Figure 6.19.  
 
                                     RC Slab                                      Strain profile                 Stress profile         Force equilibrium  
Figure 6.19 - Strain and stress diagram of the cross section and force components (crack initiation state). 
The strain distribution along the height was assumed to be linear. Eqs. 6.1 to 6.4 present the 
geometric relationships between strains along the height of cross section as a function of concrete 
cracking tensile strain, 𝜀𝑐𝑡. Taking into account the static equilibrium of the internal forces of the 
cross section, it was obtained Eq. 6.5. 
𝜀𝑐 = 𝜀𝑐𝑡. 𝑐/(ℎ − 𝑐)                                                                         (6.1) 
                                                         𝜀𝑓 = 𝜀𝑐𝑡. (𝑑𝑓 − 𝑐)/(ℎ − 𝑐)                                                                   (6.2) 
                                                         𝜀𝑠 = 𝜀𝑐𝑡. (𝑑𝑠 − 𝑐)/(ℎ − 𝑐)                                                                   (6.3) 
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                                                        𝜀𝑠
′ = 𝜀𝑐𝑡. (𝑐 − 𝑑𝑠
′ )/(ℎ − 𝑐)                                                                   (6.4) 
𝐹𝑐 + 𝐹𝑠
′ = 𝐹𝑐𝑡 + 𝐹𝑠 + 𝐹𝑓   →   
𝐸𝑐𝜀𝑐𝑏𝑐
2
+ 𝐴𝑠
′ 𝐸𝑠𝜀𝑠
′ = 𝑓𝑐𝑡𝑏(ℎ − 𝑐)/2 + 𝐴𝑠𝐸𝑠𝜀𝑠 + 𝐴𝑓𝐸𝑓(𝜀𝑝 + 𝜀𝑓)          (6.5) 
In the above mentioned equations it should be considered that: 
 b and h are width and height of the cross section of RC slab, respectively;  
 d's, ds  and df  are effective depth of longitudinal top and bottom steel bars and CFRP laminates, 
respectively;  
 c is neutral axis depth from the concrete top fiber;  
 εp is the initial prestress strain in the CFRP laminates;  
 εc and ε's are  compressive strain of the concrete top fiber and longitudinal top steel bars, 
respectively;  
 εs and εf  are  tensile strain components of the longitudinal bottom steel bars and CFRP laminates, 
respectively; 
 Ec, Es and Ef  are elasticity modulus of the concrete, steel bars and CFRP laminates, respectively; 
 A's, As, and Af are cross sectional area of the longitudinal top and bottom steel bars and CFRP 
reinforcement, respectively. fct is the cracking tensile stress of the concrete.  
After calculating the equilibrium of the internal forces (substituting Eqs. 6.1 to 6.4 into Eq. 6.5), the 
neutral axis depth (c) can be determined with Eq. 6.6. 
                                     𝑐 =
𝐸𝑠𝜀𝑐𝑡(𝐴𝑠
′ 𝑑𝑠
′+𝐴𝑠𝑑𝑠)+𝐴𝑓𝐸𝑓(𝜀𝑝ℎ+𝑑𝑓𝜀𝑐𝑡)+0.5𝑏ℎ
2𝑓𝑐𝑡
𝐸𝑠𝜀𝑐𝑡(𝐴𝑠
′ +𝐴𝑠)+𝐴𝑓𝐸𝑓(𝜀𝑝+𝜀𝑐𝑡)+𝑏ℎ𝑓𝑐𝑡
                                                   (6.6) 
The bending moment corresponding to the crack initiation can be determined by the sum of the 
internal moments produced by the forces at any point of the cross section (Eq. 6.7). 
𝑀𝑐𝑟 = 𝐹𝑠
′(𝑐 − 𝑑𝑠
′ ) + 𝐹𝑐 (
2𝑐
3
) + 𝐹𝑐𝑡.
2(ℎ − 𝑐)
3
+ 𝐹𝑠(𝑑𝑠 − 𝑐) + 𝐹𝑓(𝑑𝑓 − 𝑐)   → 
𝑀𝑐𝑟 = 𝐴𝑠
′ 𝐸𝑠𝜀𝑠
′(𝑐 − 𝑑𝑠
′ ) + [𝐸𝑐𝜀𝑐𝑏𝑐/2] (
2𝑐
3
) + [𝑓𝑐𝑡𝑏(ℎ − 𝑐)/2][2(ℎ − 𝑐)/3] + 𝐴𝑠𝐸𝑠𝜀𝑠(𝑑𝑠 − 𝑐) +
𝐴𝑓𝐸𝑓(𝜀𝑝 + 𝜀𝑓)(𝑑𝑓 − 𝑐)                                                                                                                          (6.7) 
 
6.3.1.2 - Bending moment at yield initiation 
For determination of the bending moment at yield initiation, some simplifications in relation to the 
previous mentioned method were assumed. The section was assumed to be made of plain concrete 
and the contribution of the concrete in tension was neglected at this stage. 
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The distribution of strain and stress along the height of slab's cross section and the balance of internal 
forces corresponding to the yield initiation state are indicated in Figure 6.20. The strain distribution 
along the height was assumed to be linear. Eqs. 6.8 to 6.10 present the geometric relationships 
between strains along the height of the cross section as a function of the steel yield initiation strain, 
𝜀𝑦 . Taking into account the static equilibrium of the internal forces of the cross section, it was 
obtained Eq. 6.11. 
`  
                                     RC Slab                                   Strain profile             Stress  profile                Force equilibrium  
 Figure 6.20 - Strain and stress diagram of the cross section and force components (yield initiation 
state). 
            𝜀𝑐 = 𝜀𝑦𝑐/(𝑑𝑠 − 𝑐)                                                           (6.8) 
𝜀𝑓 = 𝜀𝑦(𝑑𝑓 − 𝑐)/(𝑑𝑠 − 𝑐)                                                          (6.9)                                     
𝜀𝑠
′ = 𝜀𝑦(𝑐 − 𝑑𝑠
′ )/(𝑑𝑠 − 𝑐)                                                        (6.10) 
𝐹𝑐 + 𝐹𝑠
′ = 𝐹𝑠 + 𝐹𝑓   →   
𝐸𝑐𝜀𝑐𝑏𝑐
2
+ 𝐴𝑠
′ 𝐸𝑠𝜀𝑠
′ = 𝐴𝑠𝑓𝑦 + 𝐴𝑓𝐸𝑓(𝜀𝑝 + 𝜀𝑓)                       (6.11) 
In the Figure 6.20, fy is the steel stress at yield initiation. After calculating the equilibrium of the 
internal forces (Substituting Eqs. 6.8 to 6.10 into Eq. 6.11), the neutral axis depth (c) can be 
determined with Eq. 6.12: 
[𝑏𝐸𝑐/2]. 𝑐
2 + [𝐴𝑠
′ 𝐸𝑠 + 𝐴𝑠𝐸𝑠+𝐴𝑓𝐸𝑓(1 +
𝜀𝑝
𝜀𝑦
)] . 𝑐 − [𝐴𝑠
′ 𝐸𝑠𝑑𝑠
′ + 𝐴𝑠𝐸𝑠𝑑𝑠 + 𝐴𝑓𝐸𝑓(𝑑𝑓 + 𝑑𝑠
𝜀𝑝
𝜀𝑦
)] = 0 (6.12) 
The bending moment corresponding to the steel yield initiation can be determined by the sum of the 
internal moments produced by the forces at any point of the cross section (Eq. 6.13). 
𝑀𝑠𝑦 = 𝐹𝑠
′(𝑐 − 𝑑𝑠
′ ) + 𝐹𝑐 (
2𝑐
3
) + 𝐹𝑠(𝑑𝑠 − 𝑐) + 𝐹𝑓(𝑑𝑓 − 𝑐)   → 
 𝑀𝑠𝑦 = 𝐴𝑠
′ 𝐸𝑠𝜀𝑠
′(𝑐 − 𝑑𝑠
′ ) + [𝐸𝑐𝜀𝑐𝑏𝑐/2] (
2𝑐
3
) + 𝐴𝑠𝑓𝑦(𝑑𝑠 − 𝑐) + 𝐴𝑓𝐸𝑓(𝜀𝑝 + 𝜀𝑓)(𝑑𝑓 − 𝑐)                (6.13) 
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6.3.1.3 - Maximum bending moment  
The experimental studies evidenced that the prevailing failure mode in RC slabs at the ultimate stage 
is rupture of the CFRP laminate (chapter 3 and chapter 4). Hence, the prevailing failure mode in the 
present analytical approach was supposed rupture of the prestressed CFRP laminates due to the 
achievement of its ultimate tensile strain (𝜀𝑓𝑢 = 𝜀𝑝 + 𝜀𝑓𝑏 , where εp is the initial prestress strain and 
εfb is the increment of tensile strain due to flexural bending moment). In this regard, to determine the 
neutral axis depth (c) of the cross section at the ultimate stage, an equation was developed 
considering the strain in the CFRP laminate be equal to 𝜀𝑓𝑢. In the next step, the obtained concrete 
compressive strain (εc) was compared with the ultimate compressive strain in the concrete (εcu) to be 
sure about the assumed failure mode. 
The bending moment at failure (maximum bending moment) was calculated based on ACI-440.2R 
(ACI 2008). The distribution of strain and stress along the height of slab's cross section and the 
balance of internal forces corresponding to the ultimate state based on ACI-440.2R (ACI 2008) are 
indicated in Figure 6.21. Taking into account the static equilibrium of the internal forces of the cross 
section, it was obtained Eq. 6.14. 
 
                                RC Slab                                   Strain profile              Stress  profile         Force equilibrium 
Figure 6.21- Strain and stress diagram of the cross section and force components at failure based on ACI-
440.2R (ACI 2008) (FRP rupture as a failure mode). 
𝐹𝑐 + 𝐹𝑠
′ = 𝐹𝑠 + 𝐹𝑓    →   𝛼1. 𝑓𝑐
′. 𝛽1. 𝑐. 𝑏 + 𝐴𝑠
′ . 𝜀𝑠
′ . 𝐸𝑠 = 𝐴𝑠. 𝑓𝑦 + 𝐴𝑓 . 𝑓𝑓𝑢                         (6.14) 
In Eq. 6.14, α1 and β1 are parameters of concrete compressive stress block (Figure 6.21) to simulate 
the contribution of concrete in compression at the ultimate stage based on ACI-440.2R. Furthermore,   
f'c is the concrete compressive strength and ffu is the ultimate tensile stress of the CFRP laminates. 
Eqs. 6.15 to 6.20 present parameters of the concrete compressive stress block and the geometric 
relationships between strains along the height of cross section (c is neutral axis depth from the 
concrete top fiber when rupture of CFRP is the prevailing failure at the ultimate stage; ε'c is strain 
corresponding to the compressive strength of concrete (f'c)). The geometric relationships between 
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strains (Eqs. 6.18 and 6.19) are presented as a function of the tensile strain of the CFRP laminate due 
to flexural bending moment (εfb). 
𝛽1 = (4𝜀𝑐
′ − 𝜀𝑐)/(6𝜀𝑐
′ − 2𝜀𝑐)                                                 (6.15) 
                                                        𝛼1 = (3𝜀𝑐
′ . 𝜀𝑐 − 𝜀𝑐
2)/(3𝜀𝑐
′2. 𝛽1)                                                     (6.16) 
𝜀𝑐
′ = 1.7𝑓𝑐
′/𝐸𝑐                                                                     (6.17) 
      𝜀𝑐 = 𝜀𝑓𝑏. 𝑐/(𝑑𝑓 − 𝑐)                                                                 (6.18) 
𝜀𝑠
′ = 𝜀𝑓𝑏(𝑐 − 𝑑𝑠
′ )/(𝑑𝑓 − 𝑐)                                                           (6.19) 
𝜀𝑓𝑏 = 𝜀𝑓𝑢 − 𝜀𝑝                                                                     (6.20) 
Substituting Eqs. 6.15 to 6.20 into Eq. 6.14 results in a cubic equation, whose solution leads the depth 
of the neutral axis at ultimate stage: 
[𝜀𝑓𝑏𝑓𝑐
′𝑏(3𝜀𝑐
′ + 𝜀𝑓𝑏)]. 𝑐
3 + 3𝜀𝑐
′ [𝜀𝑓𝑏(𝜀𝑐
′ 𝐸𝑠𝐴𝑠
′ − 𝑓𝑐
′𝑏𝑑𝑓) + 𝜀𝑐
′ (𝐴𝑓𝑓𝑓𝑢 + 𝐴𝑠𝑓𝑦)]. 𝑐
2 − 3𝜀𝑐
′2[𝜀𝑓𝑏𝐸𝑠𝐴𝑠
′ (𝑑𝑓 +
𝑑𝑠
′ ) + 2𝑑𝑓((𝐴𝑓𝑓𝑓𝑢 + 𝐴𝑠𝑓𝑦)]. 𝑐 + 3𝜀𝑐
′2𝑑𝑓[𝜀𝑓𝑏𝐸𝑠𝐴𝑠
′ 𝑑𝑠
′ + 𝑑𝑓(𝐴𝑓𝑓𝑓𝑢 + 𝐴𝑠𝑓𝑦)] = 0                               (6.21)                                                                                                                            
The resisting bending moment corresponding to the failure condition can be determined by the sum of 
the internal moments produced by the forces at any point of the cross section (Eq. 6.22). 
𝑀𝑚𝑎𝑥 = 𝐴𝑠
′ 𝐸𝑠𝜀𝑠
′(𝑐 − 𝑑𝑠
′ ) + 𝛼1𝑓𝑐
′𝛽1𝑐𝑏𝑐(1 −
𝛽1
2
) + 𝐴𝑠𝑓𝑦(𝑑𝑠 − 𝑐) + 𝐴𝑓𝑓𝑓𝑢(𝑑𝑓 − 𝑐)              (6.22) 
6.3.1.4 - Experimental vs. analytical results in terms of cracking, yielding and maximum loads 
The analytical values of the cracking, yielding and maximum loads were obtained from the analytical 
values of the cracking, yielding and maximum moment, respectively ( 𝐹𝑐𝑟 = 𝑀𝑐𝑟/0.45 ,                   
𝐹𝑠𝑦 = 𝑀𝑠𝑦/0.45  and  𝐹𝑚𝑎𝑥 = 𝑀𝑚𝑎𝑥/0.45). 
Comparison of the analytical values with the experimental results in terms of cracking, yielding and 
maximum loads are indicated in Table 6.17. The ratio of the experimental results to the analytical 
values are also indicated in the Table 6.17.    
To quantify the difference, the bias of the results, 𝜆𝑝 which is defined as the mean value of the ratio 
of the experimental results to the analytically estimated results, and the coefficient of variation, PV , of 
the same ratio were used. 
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𝜆𝑝 = 𝜇 (
𝐹𝑒𝑥𝑝
𝐹𝐴𝑛𝑎𝑙
)                                                              (6.23) 
𝑉𝑝 = 𝐶𝑜𝑉 (
𝐹𝑒𝑥𝑝
𝐹𝐴𝑛𝑎𝑙
)                                                              (6.24) 
Table 6.17 - Experimental vs. Analytical results in terms of cracking, yielding and maximum loads. 
 
 
Series 
 
 
Slab 
 
Cracking load 
 
Yielding load 
 
Maximum load 
Fcr,exp 
(kN) 
Fcr,Anal 
(kN) 
Fcr,exp/ 
Fcr,Anal 
Fsy,exp 
(kN) 
Fsy,Anal 
(kN) 
Fsy,exp/ 
Fsy,Anal 
Fmax,exp 
(kN) 
Fmax,Anal 
(kN) 
Fmax,exp/ 
Fmax,Anal 
 
Preliminary 
(chapter 3) 
SREF 10.6 11.4 0.93 19.0 19.7 0.96 22.6 20.6 1.10 
S2L-0 12.3 11.6 1.06 29.5 26.5 1.11 51.8 52.0 1.00 
S2L-20 - 16.4 - 35.7 33.4 1.07 53.3 51.9 1.03 
S2L-40 25.0 21.2 1.18 45.7 40.2 1.14 56.9 51.8 1.10 
 
 
Series I 
(chapter 4) 
SREF 10.7 9.8 1.09 22.4 20.2 1.11 26.3 20.3 1.30 
S2L-0 11.2 9.9 1.13 32.4 29.3 1.11 56.5 55.0 1.03 
S2L-20 14.4 14.7 0.98 42.7 36.3 1.18 60.1 55.1 1.09 
S2L-30 17.4 17.1 1.02 43.7 39.8 1.10 57.3 55.1 1.04 
S2L-40 20.2 19.5 1.04 48.1 43.2 1.11 60.1 55.1 1.09 
S2L-50 23.5 21.9 1.07 52.1 46.7 1.12 61.1 55.0 1.11 
 
Series II 
(chapter 4) 
SREF 9.7 9.8 0.99 35.8 30.0 1.19 43.5 32.4 1.34 
S2L-0 9.7 9.9 0.98 42.9 39.1 1.10 71.1 64.0 1.11 
S2L-20 15.3 14.8 1.03 50.0 46.0 1.09 69.0 64.5 1.07 
S2L-40 21.2 20.0 1.06 60.0 52.8 1.14 71.4 64.6 1.11 
 
Series III 
(chapter 4) 
SREF 3.1 3.3 0.94 21.1 20.0 1.06 23.8 - - 
S2L-0 4.2 3.3 1.27 31.8 29.1 1.09 51.1 - - 
S2L-20 11.1 8.1 1.37 40.0 36.0 1.11 53.4 - - 
S2L-40 15.5 13.0 1.19 45.9 42.8 1.07 55.7 - - 
`   
p  1.08 
 
p  1.10 
 
p  1.11 
   
PV  0.11 PV  0.04 PV  0.09 
 
The results listed in Table 6.17 show that the analytical method for predicting the bending moment is 
on average quite accurate (𝜆𝑝 = 1.08 for cracking load, 𝜆𝑝 = 1.10 for yielding and 𝜆𝑝 = 1.11 for 
maximum). The scatter of the results is also quite low as indicated by a 𝑉𝑝 value of 4-11% (4% for 
yielding load, 9% for the maximum load and 11% for cracking load), which is acceptable.  
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Figure 6.22-a and Figure 6.23-a show experimentally reported of cracking and yielding loads with 
analytically predicted values in RC slabs of four series (preliminary, series I, series II and series III).  
 
 
                                                                              a) 
 
                                                                            b) 
Figure 6.22 - Experimental vs. Analytical results of cracking load in: a) series of slabs and b) levels of 
prestress. 
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Figure 6.22-b and Figure 6.23-b show the above mentioned relationship based on the level of 
prestress. Based on these figures, the analytical predictions of cracking and yielding loads are almost 
conservative with the ratio between the experimental and analytical near the unity. 
 
                           a) 
 
                                                                            b) 
Figure 6.23 - Experimental vs. Analytical results of yielding load in: a) series of slabs and b) levels of 
prestress.  
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Figure 6.24-a shows experimentally reported of maximum loads in RC slabs of four series 
(preliminary, series I, series II and series III) with analytically predicted values based on ACI-440.2R. 
Figure 6.24-b shows the above mentioned relationship based on level of prestress. Based on these 
figures, the analytical predictions of maximum load are almost conservative with the ratio between 
the experimental and analytical near the unity. 
 
                                                                              a) 
 
                                                                              b) 
Figure 6.24 - Experimental vs. Analytical results of maximum load based on ACI-440.2R in: a) series of slabs 
and b) levels of prestress.  
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6.3.2 - Maximum prestress level 
Flexural strengthening with FRP reinforcement will reduce the ductility of the original member. 
Based on ACI-318 (ACI 2014) recommendations, to maintain a sufficient degree of ductility, the 
strain level in the steel reinforcements at the ultimate limit state (concrete crushing or failure of the 
FRP, including delamination or debonding) should be at least 0.005. This assures a ductile behavior 
for corresponding structure (Figure 6.25). The present study estimates the maximum allowable 
prestress level based on the ACI-318 (ACI 2014). Therefore to assure a sufficient degree of ductility 
for the RC slabs flexurally strengthened with prestressed NSM CFRP laminates, the maximum 
prestress level applied to the CFRP laminates should be limited by the condition not to reduce the 
strain in the longitudinal tensile steel bars less than 0.005 at the ultimate stage. 
 
Figure 6.25 - Strength-reduction factor recommended by ACI-440.2R (ACI 2008). 
 
6.3.2.1 - Analytical study 
The objective of this section is development of an analytical formulation to limit the maximum 
prestress level that can be applied to the NSM CFRP laminates. This formulation determines a 
criterion based on the strain compatibility and principles of static equilibrium in the ultimate limit 
condition for the flexural capacity of RC slabs strengthened with prestressed NSM CFRP laminates. 
Two types of failure modes was assumed for RC slabs flexurally strengthened with prestressed NSM 
CFRP laminates, namely, yielding of the tensile steel reinforcements followed by either concrete 
crushing or rupture of the CFRP laminate.  
The experimental studies evidenced that the prevailing failure mode at the ultimate stage in RC slabs 
is rupture of the CFRP laminate (chapter 3 and chapter 4). Hence, the prevailing failure mode in the 
present analytical approach was supposed rupture of the prestressed CFRP laminate due to the 
achievement of its ultimate tensile strain. 
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The maximum allowable prestress level that can be applied to the CFRP laminate was considered as a 
difference between ultimate tensile strain of the CFRP laminates and increment of the CFRP tensile 
strain due to the flexural bending moment (𝜀𝑝 = 𝜀𝑓𝑢 − 𝜀𝑓𝑏). 
In the next step, the possibility of the concrete crushing as a failure mode occurring before the rupture 
of the CFRP laminate was evaluated by comparing the obtained concrete compressive strain (εc) with 
the ultimate compressive strain in the concrete (εcu). If the concrete compressive strain exceeds εcu, 
failure is due to the concrete crushing. In this situation, the neutral axis depth at the ultimate stage 
was modified taking into account an ultimate compressive strain at the concrete top fiber and a tensile 
strain in the longitudinal steel reinforcements equal to 0.005, and then the maximum prestress level 
was obtained considering the strain distribution along the cross section.  
 
6.3.2.2 - Analytical Formulation 
i) Maximum prestress level  
The distribution of strain and balance of the internal forces of the cross section in RC slabs were 
assumed to be given by Figure 6.28. The static equilibrium of the internal forces were presented 
based on ACI-440.2R (ACI 2008) approach, when the rupture of the CFRP laminate occurs 
considering the tensile strain of 0.005 in the longitudinal steel bars (εs= 0.005 ≥ εy) (Figure 6.28). 
 
                                                        RC Slab                                        Strain profile                Force equilibrium 
Figure 6.26 - Strain profile of the cross section and force components at ultimate stage adopting rupture of the 
CFRP reinforcement based on ACI-440.2R (ACI 2008). 
 
The static equilibrium of the internal forces is presented in Eq. 6.25. Relationship between the strains 
are given in Eqs. 6.26 and 6.27. 
𝐹𝑐 + 𝐹𝑠
′ = 𝐹𝑠 + 𝐹𝑓    →   𝛼1. 𝑓𝑐
′. 𝛽1. 𝑐. 𝑏 + 𝐴𝑠
′ . 𝜀𝑠
′ . 𝐸𝑠 = 𝐴𝑠. 𝑓𝑦 + 𝐴𝑓 . 𝑓𝑓𝑢                           (6.25)                                                   
𝜀𝑐
′ = 1.7𝑓𝑐
′/𝐸𝑐                                                                        (6.26) 
𝜀𝑠
′ = 0.005(𝑐 − 𝑑𝑠
′ )/(𝑑𝑠 − 𝑐)                                                          (6.27)                                               
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Substituting Eqs. 6.26 and 6.27 into Eq. 6.25 results in a cubic equation, whose solution leads the 
depth of the neutral axis (c) at ultimate stage. 
[0.005𝑓𝑐
′𝑏(3𝜀𝑐
′ + 0.005)]. 𝑐3 + 3𝜀𝑐
′ [0.005(𝜀𝑐
′ 𝐸𝑠𝐴𝑠
′ − 𝑓𝑐
′𝑏𝑑𝑠) + 𝜀𝑐
′ (𝐴𝑓𝑓𝑓𝑢 + 𝐴𝑠𝑓𝑦)]. 𝑐
2 −
3𝜀𝑐
′2[0.005𝐸𝑠𝐴𝑠
′ (𝑑𝑠 + 𝑑𝑠
′ ) + 2𝑑𝑠((𝐴𝑓𝑓𝑓𝑢 + 𝐴𝑠𝑓𝑦)]. 𝑐 + 3𝜀𝑐
′2𝑑𝑠[0.005𝐸𝑠𝐴𝑠
′ 𝑑𝑠
′ + 𝑑𝑠(𝐴𝑓𝑓𝑓𝑢 + 𝐴𝑠𝑓𝑦)] =
0                                                                                                                                                       (6.28) 
The maximum prestress strain that can be applied to the CFRP laminate with a sufficient degree of 
ductility in prestressed strengthened RC slabs is determined by: 
𝜀𝑓𝑏 = 0.005(𝑑𝑓 − 𝑐)/(𝑑𝑠 − 𝑐)  → 𝜀𝑝1 = 𝜀𝑓𝑢 − 𝜀𝑓𝑏                                   (6.29) 
In the next step, the possibility of the concrete crushing as a failure mode occurring before the rupture 
of the CFRP laminate was evaluated. If the concrete compressive strain does not exceed the ultimate 
compressive strain in the concrete, failure will be due to the rupture of the CFRP laminate, otherwise 
failure will be caused by the concrete crushing. The depth of the neutral axis (c) and maximum 
prestress strain, when the concrete crushing is the failure mode at the ultimate state, are determined 
from: 
𝑐 = 𝑑𝑠. 𝜀𝑐𝑢/(0.005 + 𝜀𝑐𝑢)  → 𝜀𝑓𝑏 = 0.005(𝑑𝑓 − 𝑐)/(𝑑𝑠 − 𝑐)  → 𝜀𝑝1 = 𝜀𝑓𝑢 − 𝜀𝑓𝑏                (6.30) 
ii) Maximum prestress level without concrete cracking 
After releasing the prestressing load, a negative deflection was introduced in the prestressed slab due 
to the eccentricity (e) of the prestressing load (Fp) in relation to the centroidal axis of the cross 
section.  
𝐹𝑝 = 𝑃𝑟 . 𝐴𝑓 . 𝑓𝑓𝑢          𝑃𝑟 =
𝜀𝑝
𝜀𝑓𝑢
                                                      (6.31) 
In Eq. 6.31, Pr is the prestress level applied to the CFRP laminates. This negative deflection causes a 
tensile strain at the top fiber of the cross section far from the FRP laminates. Therefore, after 
releasing the prestressing load, tensile stress at the concrete top fiber should not be larger than the 
concrete tensile strength (𝑓𝑐𝑚𝑎𝑥
𝑡 ). In the following the maximum prestress level that can be applied to 
RC slabs without any cracks is calculated:  
𝑓𝑐𝑚𝑎𝑥
𝑡 =
𝐹𝑝.𝑒.ℎ/2
𝐼
−
𝐹𝑝
𝑏.ℎ
  → 𝑃𝑟 =
𝑓𝑐𝑚𝑎𝑥
𝑡
𝐴𝑓.𝑓𝑓𝑢.[
𝑒.ℎ
2.𝐼
−
1
𝑏.ℎ
]
  →
𝜀𝑝
𝜀𝑓𝑢
=
𝑓𝑐𝑚𝑎𝑥
𝑡
𝐴𝑓.𝑓𝑓𝑢.[
𝑒.ℎ
2.𝐼
−
1
𝑏.ℎ
]
 → 𝜀𝑝2 =
𝑓𝑐𝑚𝑎𝑥
𝑡 .𝜀𝑓𝑢
𝐴𝑓.𝑓𝑓𝑢.[
𝑒.ℎ
2.𝐼
−
1
𝑏.ℎ
]
        (6.32) 
In Eq. 6.32, I is the moment of inertia of un-cracked section and h is the height of the cross section.  
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The procedure of the implementation of the proposed methodology to determine the maximum 
prestress level is shown in Figure 6.27.  
 
 
 
 
 
                                  No Yes 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6.27 - Algorithm of the analytical model to determine the maximum prestress level. 
 
  
6.3.2.3 - Results 
The proposed analytical approach was applied to the prestressed RC slabs of the preliminary test, 
series I, II and III to obtain an upper limit of the prestress level that can be applied to the NSM CFRP 
laminates in RC slabs. The obtained maximum allowable prestress level for experimental programs is 
represented in Table 6.18. 
 
 
Solving equation 6.28: 
calculation of neutral axis (c) 
𝜀𝑐 < 𝜀𝑐𝑢 
𝜀𝑐 = 0.005𝑐/(𝑑𝑠 − 𝑐) 
𝑐 = 𝑑𝑠. 𝜀𝑐𝑢/(0.005 + 𝜀𝑐𝑢) 
𝜀𝑝1 = 𝜀𝑓𝑢 − 𝜀𝑓𝑏 
𝜀𝑓𝑏 = 0.005(𝑑𝑓 − 𝑐)/(𝑑𝑠 − 𝑐) 
𝜀𝑝2 =
𝑓𝑐𝑚𝑎𝑥
𝑡
. 𝜀𝑓𝑢
𝐴𝑓 . 𝑓𝑓𝑢. [
𝑒. ℎ
2. 𝐼 −
1
𝑏. ℎ]
 
𝜀𝑝 = min (𝜀𝑝1 , 𝜀𝑝2) 
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Table 6.18 - Maximum level of prestress. 
Series Preliminary Series I Series II Series III 
Ɛp1/ Ɛfu (%) 63.4 56.1 55.0 -
(1) 
Ɛp2/ Ɛfu (%)
 (2)
 75.9 78.7 78.7 30.9 
Max. prestress level (%) 63.4 56.1 55.0 30.9 
(1) The Eq. 6.28 has two complex roots and one minus real root. 
(2) The values used for 𝑓𝑐𝑚𝑎𝑥
𝑡  where the values of fctm  of the Table 6.1. 
 
 
 
6.4 - CONCLUSIONS 
Flexural behavior of the RC slabs strengthened with prestressed NSM CFRP laminates was   
simulated numerically. Numerical simulation was compared with the experimental results to validate 
the model and the adopted numerical strategy fits with enough accuracy the registered experimental 
load vs. mid-span deflection curves of the tested RC slabs. Furthermore parametric studies in order to 
evaluate the influence of different parameters on the behavior of the RC slabs flexurally strengthened 
with prestressed NSM CFRP laminates were executed. From the parametric studies it can be 
concluded that: 
 Regardless of the prestress level, by increasing the percentage of the CFRP laminates, the load 
carrying capacity of the slabs at service and ultimate states has increased. Furthermore, the 
benefits in terms of service load carrying capacity by increasing percentage of the CFRP are 
potentiated when increasing the prestress level applied to the NSM FRP laminates. By increasing 
the prestress level in the NSM CFRP laminates the deflection at the maximum load of the slabs 
has decreased, regardless of the percentage of CFRP laminates adopted.  
 The increase of the percentage of existing tensile longitudinal steel bars have a detrimental effect 
on the performance of NSM technique with prestressed CFRP laminates, regardless of the 
prestress level of the laminates. By increasing the prestress level in the NSM CFRP laminates, 
regardless of the percentage of tensile longitudinal bars, the deflection at the maximum load of the 
slabs has decreased. Regardless of the prestress level of the CFRP laminates, by increasing the 
percentage of tensile longitudinal bars the deflection at the maximum load of the slabs has 
increased. 
 Regardless of the prestress level, by increasing the elasticity modulus of the CFRP laminates, the 
load carrying capacity of the slabs at service and ultimate states has improved. Furthermore, the 
benefits in terms of service load carrying capacity by increasing the elasticity modulus are 
potentiated when increasing the prestress level applied to the NSM FRP laminates, however by 
increasing the prestress level in the NSM FRP laminates the deflection at the maximum load of the 
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slabs has decreased, regardless of the values of the elasticity modulus of the FRP laminates 
considered. 
 The high influence of the ultimate tensile strain of the FRP laminates on the maximum load 
carrying capacity of the prestressed RC slabs is evident (the higher the former, the higher the 
latter). Regardless of the prestress level, by increasing the maximum strain of the FRP laminates, 
the deflection at the maximum load of the slabs has decreased that have a detrimental effect on the 
ductility of the RC slabs. 
An analytical approaches was proposed to predict first the cracking, yielding and maximum loads of 
the RC slabs of four series (preliminary, series I, series II and series III) and, additionally, a 
methodology to obtain an upper limit of the prestress level that can be applied to the CFRP laminates 
was proposed. From the analytical approaches it can be concluded that: 
 The cracking, yielding and maximum loads of the experimental programs of the tested RC slabs 
strengthened with prestressed NSM CFRP laminates, were compared with the ones obtained by 
the proposed analytical approach, and a good predictive performance was obtained.  
 A methodology to obtain an upper limit of the prestress level that can be applied to the CFRP 
laminates was proposed in order to optimize the ductility performance of the prestressed RC slabs 
strengthened with NSM CFRP laminates, and except of the low concrete slabs (series III) a range 
of the maximum prestress level between 55% and 64% was determined. In the case of the low 
concrete slabs, the relevant value was around 31%. 
 
 
 
 
 
 
 
 
 
Chapter 7 
Conclusions 
 
 
In this thesis, the effect of the prestressed NSM CFRP laminates on the flexural behavior of RC slabs 
was investigated. An extensive experimental research was executed and the influence of some critical 
parameters on the behavior of RC slabs flexurally strengthened with prestressed NSM CFRP 
laminates was determined. In the present experimental research, values of strain in CFRP laminates in 
all prestressed slabs were also assessed over time and along the length of the slabs during the period 
of time (after releasing the prestress loads and before monotonic tests). Numerical simulations of the 
tested RC slabs were also done and findings were compared with the experimental results. A 
parametric study to evaluate the effect of some important parameters in this technique was 
systematically investigated. The most relevant conclusions of this study are presented in the 
following and some suggestions as to further work are proposed. 
7.1 - MAIN CONCLUSIONS  
By carrying out an experimental research, the influence of the following parameters on the flexural 
behavior of RC slabs strengthened with prestressed NSM CFRP laminates was assessed: level of 
prestress; percentage of existing steel reinforcement; concrete quality and level of damage in the RC 
slabs prior to the strengthening (pre-crack). From the experimental results obtained it can be 
concluded that: 
 Regardless of the prestress level of the CFRP laminates, the concrete class, the steel 
reinforcements and the level of damage adopted in this experimental research, the NSM technique 
with CFRP laminates is highly effective for the flexural strengthening of RC slabs. In fact, the 
adopted CFRP flexural strengthening configuration has provided an increase in terms of maximum 
load that ranged between 59% and 151% of the maximum load of the reference RC slab. 
 Strengthening RC slabs with the presented method in this thesis resulted in a significant increase 
of load carrying capacity at serviceability limit states. The adopted prestressed (ranged between 
20%-50%) NSM CFRP configuration for the flexural strengthening of RC slabs with different 
concrete class, different steel reinforcements and different level of damage provided an increase in 
terms of service load that ranged between 42% and 190% of the service load of the reference RC 
slab.  
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 By increasing the prestress level in the NSM CFRP laminates the overall flexural behavior of the 
slabs at service condition was improved, but the deflection at the maximum load of the slabs 
decreased with the increase of the prestress level. However, the deflection at maximum load was 
more than 1.6 times the deflection at yield initiation, with significant plastic incursion of the steel 
reinforcement, which assures the required level of deflection ductility for this type of RC 
structures. 
 Regardless of the prestress level applied to the CFRP laminates, the percentage of existing steel 
reinforcement, the concrete quality and the level of damage, all the strengthened slabs failed by 
rupture of the CFRP laminates after yielding of the tension steel reinforcement. This failure mode 
proved the high effectiveness of the NSM technique for the flexural strengthening of RC slabs. 
 When the same NSM CFRP laminates arrangements were applied in a group of slabs with a 
percentage of the longitudinal tensile reinforcement (sl) equal to 0.35% (48) and in another 
group of slabs with sl equal to 0.62% (410), the results obtained showed that the NSM technique 
with prestressed CFRP laminates was more effective in the case of the slabs with lower percentage 
of the longitudinal bars, both for serviceability (the average value of increasing in service load for 
RC slabs with lower and higher percentage of the longitudinal tensile reinforcement was, 
respectively, 100% and 60.5% compared to the corresponding values of the reference slab) and for 
ultimate limit states (the average value of increasing in maximum load for RC slabs with lower 
and higher percentage of the longitudinal tensile reinforcement was, respectively, 129% and 
61.4% compared to the corresponding values of the reference slab). 
 When the same NSM CFRP laminates arrangements were applied in a group of slabs of concrete 
compressive strength (fcm) equal to 15 MPa and in another group of slabs of fcm = 40 MPa, the 
results obtained showed that the NSM technique with prestressed CFRP laminates was more 
effective in the lowest concrete strength class series of slabs, mainly at serviceability limit state 
conditions (the average value of increasing in service load for RC slabs with lower and higher 
compressive strength was, respectively, 156.5% and 100% compared to the corresponding values 
of the reference slab). 
 Regardless of the level of damage, the NSM technique with prestressed CFRP laminates is highly 
effective for the flexural strengthening of pre-cracked RC slabs in terms of maximum load 
compared to the reference RC slab (the average value of increasing in the maximum load for RC 
slabs without damage, first level and second level of damage was, respectively, 129%, 137% and 
140.5% compared to the corresponding values of the reference slab). Therefore level of damage 
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has small influence on the flexural strengthening effectiveness in terms of the ultimate load 
carrying capacity of RC slabs. 
 Damaged RC slabs after strengthening resisted for new cracks until deflection attain to the    
uFmax-precrack - ufinal-precrack. 
In the present study, values of strain in CFRP laminates in all prestressed slabs of the experimental 
program over time and along the length of the slabs during a period of time were assessed. From the 
experimental results obtained it can be concluded that: 
 When the prestressing loads were released, the closest strain gauge to the free extremity of the 
CFRP laminate (which was at a distance of 25 mm from this extremity) recorded a maximum 
strain loss of about 79% in all slabs. The rest of the strain gauges showed a strain loss less than 
14% in the all slabs, which indicated that the main part of the prestressing load was transferred to 
the concrete. 
 Regarding the results, significant part of strain loss in CFRP laminates occurred during 24 hours 
after releasing. The difference of the strain loss between seven days and one day after releasing in 
the CFRP laminates of all prestressed slabs was not more than 9.5%. The maximum value of the 
additional strain loss after 7 days was 5.5%. 
 With the exception of the pre-cracked specimens, in all prestressed strengthened slabs after a 
specific length from the free extremity of the CFRP laminates up to the middle of the slabs, the 
strain loss was almost constant along the length of the CFRP laminate with a minimum value. The 
experimental results of the present study showed that this specific length isn't higher than 150 mm. 
 In the pre-cracked RC slabs, some strain gauges in the cracked area showed higher values of strain 
loss (between 0%-14%) compared to the strain loss (between 0%-2.2%) in the non-cracked area. 
The results showed that in the pre-cracked RC slabs, strain loss in the strain gauge closer to pre-
cracks was higher than the strain gauge far from pre-cracks. 
Flexural behavior of the RC slabs strengthened with prestressed NSM CFRP laminates was   
simulated numerically. Results of the numerical simulation was compared with the experimental 
results to validate the model and the adopted numerical strategy fits with enough accuracy the 
registered experimental load vs. mid-span deflection curves of the tested RC slabs. Furthermore 
parametric studies in order to evaluate the influence of the critical parameters (the percentage of the 
CFRP, the percentage of the tensile longitudinal bars, the elasticity modulus and the ultimate tensile 
strain of the CFRP laminates) on the behavior of the RC slabs flexurally strengthened with 
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prestressed NSM CFRP laminates were executed. From the parametric studies it can be concluded 
that: 
 Regardless of the prestress level, by increasing the percentage of the CFRP laminates, the load 
carrying capacity of the slabs at service and ultimate states has increased. Furthermore, the benefits 
in terms of service load carrying capacity by increasing percentage of the CFRP are potentiated 
when increasing the prestress level applied to the NSM FRP laminates. By increasing the prestress 
level in the NSM CFRP laminates the deflection at the maximum load of the slabs has decreased, 
regardless of the percentage of CFRP laminates adopted.  
 The increase of the percentage of existing tensile longitudinal steel bars have a detrimental effect 
on the performance of NSM technique with prestressed CFRP laminates, regardless of the prestress 
level of the laminates. By increasing the prestress level in the NSM CFRP laminates, regardless of 
the percentage of tensile longitudinal bars, the deflection at the maximum load of the slabs has 
decreased. Regardless of the prestress level of the CFRP laminates, by increasing the percentage of 
tensile longitudinal bars the deflection at the maximum load of the slabs has increased. 
 Regardless of the prestress level, by increasing the elasticity modulus of the CFRP laminates, the 
load carrying capacity of the slabs at service and ultimate states has improved. Furthermore, the 
benefits in terms of service load carrying capacity by increasing the elasticity modulus are 
potentiated when increasing the prestress level applied to the NSM FRP laminates, however by 
increasing the prestress level in the NSM FRP laminates the deflection at the maximum load of the 
slabs has decreased, regardless of the values of the elasticity modulus of the FRP laminates 
considered. 
 The high influence of the ultimate tensile strain of the FRP laminates on the maximum load 
carrying capacity of the prestressed RC slabs is evident (the higher the former, the higher the 
latter). Regardless of the prestress level, by increasing the maximum strain of the FRP laminates, 
the deflection at the maximum load of the slabs has decreased with a detrimental effect on the 
ductility of the RC slabs. 
An analytical approaches was proposed to predict first the cracking, yielding and maximum loads of 
the RC slabs of four series (preliminary, series I, series II and series III)  and, additionally, a 
methodology to obtain an upper limit of the prestress level that can be applied to the CFRP laminates 
was proposed. From the analytical approaches it can be concluded that: 
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 The cracking, yielding and maximum loads of the experimental programs of the tested RC slabs 
strengthened with prestressed NSM CFRP laminates, were compared with the ones obtained by 
the proposed analytical approach, and a good predictive performance was obtained.  
 A methodology to obtain an upper limit of the prestress level that can be applied to the CFRP 
laminates was proposed in order to optimize the ductility performance of the prestressed RC slabs 
strengthened with NSM CFRP laminates, and except of the low concrete slabs (series III) a range 
of the maximum prestress level between 55% and 64% was determined. In the case of the low 
concrete slabs, the relevant value was around 31%. 
7.2 - RECOMMENDATIONS FOR FUTURE RESEARCH 
Applying prestressed NSM CFRP materials to RC slabs is still a relatively recent strengthening 
technique and a lot of investigation needs to be developed on this topic. In the following, some 
recommendations are proposed for a deeper knowledge on the areas of this thesis: 
 Experimental research of strengthening RC slabs using prestressed NSM CFRP laminates with 
different geometry and different distance between laminates. 
 Strengthening RC slabs using a hybrid technique with prestressed and non-prestressed NSM CFRP 
laminates. 
 For application of prestressed NSM-CFRP laminates in job site conditions, an appropriate device 
needs to be developed. 
 Application of prestress in both directions of two ways RC slabs. 
 Strengthening damaged and non-damaged RC slabs using prestressed NSM CFRP laminates with 
presence of permanent loads. 
 Fatigue performance of prestressed strengthened damaged RC slabs. 
 Application of prestress in NSM CFRP materials for the flexural strengthening of continuous RC 
slabs in the intermediate support (hogging region). 
 The degradation of the bond between the prestressed NSM CFRP laminate and the epoxy for 
various sizes of laminate and prestress level needs further study.  
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